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Abstract
Active Galactic Nuclei (AGNs) provide a unique opportunity to measure the
mass of supermassive black holes located in the centers of their host galaxies. This
enables studying the scaling relations between the mass of the black hole and the
properties of the host galaxy.
In this thesis, we present an investigation of the relationship between black
hole masses and the host galaxy bulge and total luminosity for a pilot sample of
15 objects imaged in the near-infrared with the 8m telescope of Gemini North
observatory. We perform a 2D decomposition of the host galaxies using the
software Galfit and obtain photometric measurements of the components. The
high spatial resolution of the Gemini images allows for a detailed study of the
different host galaxy components, in particular distinguishing between classical
and pseudo-bulges in the presence of a bright AGN point source. In the
literature, there is controversy about whether the mass of the black hole scales
more closely with classical or pseudo bulges. Shedding light on this issue is
crucial to our understanding of the underlying physical driver of the relations.
In this study, the improved near-infrared images resulted in very different host
galaxy parameters compared to those published in Bennert et al. (2015) based on
images from the Sloan Digital Sky Survey. Our findings suggest that the sample of
active galaxies reside in galaxies that are over-luminous compared to quiescent
galaxies. Furthermore, we find that pseudo bulges are on the black-hole-mass -
bulge-luminosity relation. However, for a handful of objects, the Gemini images
iii
do not have sufficient resolution to resolve the (pseudo-) bulge. Therefore,
follow-up observations with the Hubble Space Telescope are currently underway.
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Introduction
1.1 Project Background
1.1.1 Knowledge overview
It is well supported by scientific evidence that in the very center of many galaxies
there is a supermassive Black Hole (BH) (see e.g. Ferrarese and Ford, 2005).
Models of the evolution of these BHs include mergers of galaxies, i.e. galaxy
collisions. In these collisions angular momentum is transferred, allowing the gas
to lose angular momentum and fall toward the galaxy center. This leads to
accretion of matter by the black hole and, subsequently, its growth. Somemodels
(see e.g. Granato et al., 2004; Hopkins et al., 2006) also include a feedback
process between the BH and the host galaxy. A theoretical framework describing
the nature of these black-hole-mass-galaxy connections has not yet been
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satisfactorily developed (see e.g. Shankar et al., 2012). Having such a framework
is necessary to understanding how BHs and galaxies (co-) evolve (see e.g.
Cattaneo et al., 2006; Silk and Rees, 1998). It might be particularly helpful in
determining whether the BH-galaxy relation is driven by mergers or AGN
feedback. It may also help develop insights about the timescales involved and
how frequently these connections are found. In general, investigating the
BH-galaxy scaling relations may help constrain the models used to describe the
evolution of BHs and their host galaxies. A more direct gain from having the
BH-galaxy connection better constrained is that it provides us with a means to
estimate BHmasses (M) simply by observation and subsequent photometric
analysis.
1.1.2 Measuring the mass of BHs in active galaxies
M estimates using direct methods, i.e. dynamic models of stellar and gaseous
motion, rely on spatially resolving the gravitational sphere of influence of the
black hole. This is possible only for a small fraction of the observable galaxies in
the local universe (< 150Mpc), and holds true for even the most massive black
holes (see e.g. Gültekin et al., 2009). It is necessary to develop other techniques
since BH-galaxy-connection studies limited to the local universe cannot
investigate how these relations depend on galactic evolution.
One method of measuringM outside our local universe, in galaxies for which
the core region cannot be spatially resolved, makes use of a technique called
reverberation mapping (see e.g. Blandford andMcKee, 1982). This method is
allowed by the nature of active galaxies - galaxies with an Active Galactic Nucleus
(AGN). AGNs are among the brightest objects in the universe, and their extreme
brightness makes them prominent at all cosmological distances, allowing us to
probe black hole masses beyond the local universe. When BHs in the center of
AGNs grow through accretion, the gravitational potential energy of the matter
that is falling into the BH is converted into light through friction in a region
called the accretion disk. The accretion disk is a disk-like structure of matter
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orbiting the BH.The existence of such a disk is fundamental to the standard
model of AGNs and is motivated by the principle of conservation of angular
momentum. The accretion disk emits a continuum of light, due to its extreme
temperatures. This light photoionizes the surrounding gas clouds which in turn
emit characteristic lines, such as the broad emission lines characteristic of
(broad-line) AGNs. Of particular interest are the broad emission lines produced
in the broad line region (BLR).The BLR is composed of gas clouds close to the
accretion disk that are rotating rapidly due to their vicinity to the BH, thus
producing Doppler-broadened emission lines when viewed by the observer. The
continuum flux that arises from the accretion disk varies with time. These flux
variations in the continuum light cause the broad lines to change intensity. In
reverberation mapping, the echo of the continuum light seen as variations in the
BLR is studied. Spectroscopic monitoring of AGNs over days, weeks, or even
years (depending on the BHmass and size of the BLR) is used to measure the
time delay between variations seen in the continuum and the corresponding
variations in the BLR.This time delay is used to estimate the size of the BLR
using light-travel time arguments. BHmasses can then be estimated by
combining the width of the broad lines (i.e. a measure of the BLR gas cloud
velocity) with the BLR size, but depend on an assumption of a virial factor due to
the unknown geometry and kinematics of the BLR.
AGNs are thus promising objects to study the BHmass - galaxy scaling
relations beyond the local universe in order to look at their evolution with cosmic
time. However, determining host-galaxy properties for AGNs is hampered by the
central AGN that can, at times (e.g. for quasars) outshine the entire galaxy. An
obvious step forward is to observe AGN host-galaxies in the near infrared (NIR)
where the host-galaxy/AGN flux ratio is enhanced while the dust extinction is
significantly reduced.
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1.1.3 Co-evolution of BHs and galaxies
The origin of the close relations between BHmass and host-galaxy properties
(such as stellar velocity dispersion, luminosity and mass) is a source of
controversy in the literature (see e.g. Ishibashi and Fabian, 2014; Silk and Rees,
1998, and references therein). While mergers of galaxies are events that grow
both the bulge and the BH in a hierarchical model, AGN feedback can control
BH growth and bulge growth simultaneously by quenching star formation (see
e.g. Hopkins et al., 2008). In particular, it is not well understood whether the BH
mass scales more closely with properties of the bulge or those of the entire host
galaxy. For example, if the co-evolution is driven by mergers, a close relationship
is only expected between the BHmass and properties of classical-bulges, since
classical-bulges are thought to have formed through mergers. Pseudo-bulges
found in the center of some spiral galaxies, on the other hand, are thought to have
evolved in a secular way through, e.g. disk instabilities, given their more disk-like
shape. AGNs with pseudo-bulges may not follow the scaling relations closely (see
e.g. Kormendy, 2001; Kormendy and Bender, 2011, for a discussion). To
investigate the exact nature of the BH growth further, it is necessary to obtain
luminosities contributed by the different galaxy components. Dedicated
host-galaxy decomposition software is used to fit a model consisting of different
morphological components to the 2D galaxy light profile. In this study, we use
the programGalfit (Peng et al., 2002, 2010) for this purpose.
1.2 StudyOverview
This thesis is part of a research project whose purpose is to create a robust local
baseline of the BHmass scaling relations of broad line AGNs for comparison
with other high redshift studies. The results obtained here will be used in the
paper Bennert and Stomberg et al., (in progress).
In a companion study (see Bennert et al., 2015) approximately 100 local
(0:02  z  0:1) Seyfert-1 galaxies (referred to as the parent sample) satisfying
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M > 107M were selected from the Sloan Digital Sky Survey (SDSS). In this
companion study long-slit Keck/LRIS spectra of high quality were exploited to
deriveM estimates, accurate spatially-resolved stellar velocity dispersions (σ)
and rotation curves (Harris et al., 2012, paper II in the series). 2D decomposition
of the SDSS galaxy images resulted in photometric parameters, such as the bulge
luminosity, galaxy-bulge effective radius, the host-galaxy free 5100Å luminosity
of the AGN (to accurately infer theM measurement) and bulge stellar masses
(Bennert et al., 2011a, 2015, paper I and III in the series). The spatial resolution
of the SDSS images is, however, relatively poor which renders detailed
decomposition of the galaxies difficult due to the presence of the bright AGN. In
particular, the poor resolution makes it difficult to distinguish the bulge from the
AGN and to accurately classify it as a classical or pseudo-bulge.
Late-type galaxies (ca. 80% of the galaxies in the parent sample are of type Sa
or later) are generally thought to have evolved through secular evolution rather
than mergers (see e.g. Courteau et al., 1996). Late-type galaxies often host
pseudo-bulges that are characterized by exponential brightness profiles, ongoing
star formation or starbursts, and nuclear bars. Classical-bulges, conversely, are
typically thought of as featureless, symmetrical, quiescent systems induced
through major mergers.
Deriving bulge parameters for pseudo-bulges and minor mergers may help
provide important insights into which physical processes drive the scaling
relations. If pseudo-bulges lie off the relations, the fundamental driver of the
relations is likely major mergers (see e.g. Kormendy and Ho, 2013; Peng, 2007).
Conversely, if pseudo-bulges lie on the scaling relations, as found by the results
based on SDSS images presented in Bennert et al. (2015), we can take this as an
indication that secular evolution grows bothM and bulges simultaneously.
However, the results in Bennert et al. (2015) rely on photometry performed
on images with poor spatial resolution. Additionally, these images are sensitive to
dust extinction. These quality issues thwart conclusive results and may be a cause
of the significant observational scatter in the observed scaling relations. In order
to address these issues, a sub-sample of 15 Seyfert-1 galaxies (referred to as the
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pilot sample) with diverse morphologies (based on SDSS images and
classifications presented in Bennert et al. (2015)) was selected from the parent
sample. Host-galaxy images of high quality were, for these galaxies, obtained
using the Near InfraRed Imager and spectrograph (NIRI) on Gemini North. This
was our primary choice for the following reasons;
• it provides high-spatial resolution images (instrument and site seeing)
allowing us to distinguish between classical and pseudo-bulges in the
presence of an AGN point source;
• it has a large field-of-view (2 arcmin x 2 arcmin at f/6) which allows us to
measure the surface brightness profile of our galaxies out to large radii
• it helps maximize the contrast between the AGN and the host galaxy,
allowing detection of pseudo-bulges, bars and mergers; and
• dust extinction is minimized at Near Infrared (NIR) wavelengths, thus
making stellar mass estimations by photometry more accurate.
The galaxies were observed under an average seeing of 0:33 arcsec, at worst
0:43 arcsec and at a maximum airmass of 1:5. Having a pixel scale of 0:12 arcsec,
the spatial-resolution of the images is 3-4 times better than the average of the
SDSS images, which had a ground-based seeing of typically 1:5 arcsec and a pixel
scale of 0:4 arcsec. This difference in image quality is necessary to resolve the
bulges, particularly pseudo-bulges, since in Bennert et al. (2015) about half of all
objects have bulge effective radii smaller than 1:5 (Bennert et al., 2015). Good
spatial resolution is not only important in determining the galaxy morphologies
and bulge luminosities, it also affects the effective radius measurement, which
needs to be accurate in order to obtain reliable stellar velocity dispersion
measurements. We conclude that spatial resolution plays a crucial role in being
able to accurately determine theM scaling relations.
In this thesis are presented the results of this pilot study, showing the
importance of high-quality images for the derivation of accurate host galaxy
properties, which in turn affect the overall BHmass scaling relations.
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Observations andData Reduction
In this chapter observation-, data reduction-, data extraction-, and galaxy
decomposition-techniques are introduced, described and discussed.
2.1 Overview
Extracting galaxy component data requires a careful decomposition of the galaxy.
In essence this means that a set of mathematical profile functions are co-fitted to
the galaxy so that their superposition approximates the galaxy 2D light profile as
accurately as possible. On these components, relevant measurements can now be
performed. One publicly available galaxy decomposition software is Galfit (Peng
et al., 2002, 2010) which allows for a detailed 2D galaxy profile fitting. Galfit
allows an arbitrary number of components to be added to the model
representation. A common approach, however, restricts the model to include an
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AGN only if the galaxy is an AGN host, a bulge, a disk and a bar (if present).
Adding more components to the model generally produces a residual with less
apparent structural features, i.e. a better fit. Using only a limited number of
components will result in a model that does not perfectly represent the galaxy,
but a model for which the model components are physically motivated. A model
with an arbitrary number of components (more than AGN, bulge, disk and bar)
is harder to interpret from a physical perspective. A detailed discussion on this
topic follows later in this chapter.
2.2 Galfit
In this project wemake use of the software Galfit. Please refer to Peng et al. (2002,
2010) for a full introduction to and instructions for the software. Below is a brief
description of the most important aspects of Galfit and some possible usages.
2.2.1 Software introduction
Galfit is written for detailed 2D galaxy decomposition. It takes as input a text file
(see figure 2.2.1 for an example Galfit input file) containing sections of text
specifying control parameters, which components to fit as well as which fitting
parameters to start with for each component. When running Galfit on such a text
file, an iterative process begins in which, for each iteration, Galfit calculates the
direction in parameter space that brings the model most quickly towards a best
fit, and then updates the initial or previously updated parameters to parameters
that produce a better fit. This continues until the model has either converged at a
minimum (local or global) or diverged, resulting in a crash. Control parameters
include input image path strings, image region to fit, magnitude zero point, input
file name, etc. Components are added to the models in text sections specifying
mathematical profile function type and relevant function parameters. To run
Galfit the user must provide input images: a CCD image of the galaxy (the
science image), a sigma image (an image representing the Poisson-error
uncertainty associated with each pixel), a Point Spread Function (PSF) (see
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section 2.2.2 for further explanation), and an optional dust/bad-pixel mask (an
image specifying which images to discard in the fit). All images must be in FITS
image file format. Pixels in the dust/bad-pixel mask are not considered in the fit.
To quantify the quality of the fit, Galfit defines a quantity χ2ν . It is defined
according to
χ2ν =
1
Ndof
nxX
x=1
nyX
y=1
(fluxx;y   modelx;y)2
σ2x;y
(2.1)
where
modelx;y =
nfX
ν=1
fν;x;y(α1; :::; αn) (2.2)
andNdof is the number of degrees of freedom, nx and ny are the image dimensions,
fluxx;y is the flux at pixel (x; y) and σx;y is the Poisson-error uncertainty associated
with each pixel as given by the sigma image,modelx;y is the sum of the model
fluxes by the nf profile functions used in the model where α1; :::; αn are the
component parameters. During the fit χ2ν is the quantity that is minimized.
2.2.2 Components and profile functions
In Galfit, the user may choose to represent a morphological component with any
supported profile function or image. A PSF is a component that is generated by
the scattering of light from a point source, e.g. a star or an unresolved galaxy
nucleus. As the light propagates it is affected by random diffraction and scattering
in the atmosphere. The light also undergoes diffraction and interference in the
telescope optics. These are some of the reasons why light from a point source will
not be caught in one sole pixel but instead be distributed over some region on the
CCD.This distribution is what we call a PSF, i.e. a point spread function. Since
the sample galaxies are active, i.e. their unresolved nucleus shines bright, we must
by default include a PSF in our models.
A profile function is a mathematical representation of how the light
distribution depends on radial distance from the galaxy center. Some of the more
9
Figure 2.2.1: This is an example of a Galfit input file (parameter file)
containing a sky-, PSF-, bulge- and disk-component. The items are self-
explanatory.
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important profiles include Gaussian profiles, exponential profiles and Sérsic
profiles. Gaussian and exponential profiles are special cases of the Sérsic profile.
For this reason only Sérsic profiles are used throughout this study, sometimes
with added constraints so that the profile takes the appearance of a Gaussian or
exponential profile as desired. In cylindrical coordinates the Sérsic profile has the
mathematical form
Σ(r) = Σee κ[(r=re)
1=n 1] (2.3)
where re is the effective radius of the galaxy, Σe is the surface brightness at re, n is
the Sérsic index, and κ is coupled to n such that half of the total flux is within re.
The effective radius re is defined as the radius inside which half of the flux is
contained. The profile is a mathematical representation that describes how the
intensity varies as a function of radius from the center of a galaxy. The function is
not angle dependent but is adjusted for ellipticity by specification of the
axis-ratio q, 0 < q < 1, with 1 being perfectly circular and 0 being infinitely
squeezed, and a position angle PA specifying the elliptical orientation.
The Sérsic profile is generalized; the Gaussian (n = 0:5), exponential (n = 1)
and Vaucouleurs (n = 4) profiles are all special cases.
To represent and model PSFs, e.g. stars and AGNs, Galfit is provided with an
image of a star. This image should preferably be one of a star at approximately the
same pixel location as that of the star/AGN to fit in order to assure a good match.
This is because the diffraction and interference effects are path dependent and
thus not uniform over the whole image. Using a PSF located in a different part of
the image than that of the galaxy core may therefore result in a PSFmismatch due
to an inaccurate PSF representation. Fitting stars/AGNs with an image rather
than a Gaussian profile has the advantage that diffraction effects and other
systematic light aberrations are accounted for. Providing Galfit with a PSF image
also has the advantage that Galfit can perform a convolution of the profiles using
the convolution theorem: the Fourier transforms of the PSF and the models are
multiplied, and then inverse transformed. Assuming the PSF-image is perfect,
theoretically it is possible to reproduce any star/AGN in the image with a Sérsic
11
Figure 2.2.2: These lines illustrate Sérsic profiles for n’s ranging from 2 to 6,
using the approximation κ  2n  0:331 when n & 2. Both axes are logarithmic
(in astronomy, brightness is often measured in magnitudes).
profile with re = 0 (a 2D delta function).
To account for a tilted and/or nonzero sky background, we can include a sky
component in the model. Mathematically, this is a (tilted) plane of pixel values. It
is necessary to add a sky component if it is not possible to accurately estimate the
sky background by statistical means and/or the sky counts change over the image.
Ideally the sky count value should be zero over the entire image, i.e. it should be
subtracted out. It should be noted that accurately accounting for the sky is crucial
for obtaining a reliable model. This is particularly important for galaxies with
faint extended wings below the pixel noise, since an erroneous sky estimation will
cause Galfit to fail to accurately identify the galaxy edges, and thus produce
incorrect model parameters. See section 2.5 for a further discussion on this topic.
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2.2.3 Galfit implementation
Now that most the basic terminology has been introduced we can summarize the
steps Galfit follows to obtain the best fit. Galfit iterates steps 3–8 until
convergence. Refer to Peng et al. 2002, 2010 for further details.
1. The PSF is normalized and prepared for convolution (itemD in Fig. 1).
2. A section of the image centered on the object is cut out to fit from the
original data image (itemG in Fig. 1).
3. Model images are created based on new or initial input parameters.
4. The convolution region (items H and I) from the model and images in the
previous step are cut out and padded around the edges with values of the
models.
5. The convolution regions in the previous step are convolved with the PSF
using a fast Fourier transform (FFT) technique.
6. The convolution region is copied back into the model images of step 3.
7. Themodel is compared with the data image. Minimization is implemented
using the Levenberg-Marquardt downhill-gradient method/parabolic
expansion.
8. Iteration is done from step 3 until convergence or a crash.
9. Output images and final parameter files are produced.
2.3 Data Acquisition and Image Reduction
2.3.1 Observations
Science images were obtained with the NIRI instrument at the Gemini North
Observatory (PI: Bennert; program IDGN-2016B-Q-33). Each image had an
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exposure time ranging between 2-10sec with 3-6 co-adds and 18-24 images on
source. In total this results in a combined exposure time of 144  540 sec: per
science image, depending on the brightness of the object. Images were
sequentially taken of the sky (that is bright in the near infrared) and the target to
be able to accurately account for the sky in the reduction process. Sky/target
(S/T) sequences are either S-T-S-T-S or S-T-S-T-S-T-S. Sample properties and
observation characteristics are summarized in table 2.3.1. In order to accurately
represent PSFs in our models the sky exposures were chosen such that a nearby
bright field star was captured at the same distance from the guide star as the
AGN, allowing for guided sky exposures.
Table 2.3.1: Sample Properties
Object
(1)
R.A.
( J2000)
(2)
Decl.
( J2000)
(3)
z
(4)
M
(logM=M)
(5)
DL
(Mpc)
(6)
Ext.
(mag.)
(7)
Date of obs.
(UT)
(8)
Exp. time
(s)
(9)
FWHM
(”)
(10)
Observers
(11)
L2, 0206-0017 02 06 15.98 -00 17 29.1 0.0430 8.00 190.2 0.008 2017 Jan 09 144 0.24 L. Fuhrman
L5, 0026+0009 00 26 21.29 +00 09 14.9 0.0600 7.05 268.7 0.008 2017 Jan 09 360 0.30 L. Fuhrman
L10, 0813+4608 08 13 19.34 +46 08 49.5 0.0540 7.14 240.8 0.016 2016 Oct 20 360 0.30 S. Pakzad
L11, 0121-0102 01 21 59.81 -01 02 24.4 0.0540 7.75 240.8 0.014 2016 Sep 06 360 0.35 T. Geballe
L70, 2327+1524 23 27 21.97 +15 24 37.4 0.0458 7.52 203.0 0.016 2016 Aug 08 216 0.44 K. Chiboucas
L71, 0013-0951 00 13 35.38 -09 51 20.9 0.0615 7.85 275.7 0.011 2016 Oct 25 378 0.31 O. Smirnova, J. Miller
L74, 0109+0059 01 09 39.01 +00 59 50.4 0.0928 7.52 425.1 0.010 2016 Oct 14 360 0.32 M. Hoenig
L76, 0150+0057 01 50 16.43 +00 57 01.9 0.0847 7.25 385.9 0.008 2017 Jan 09 216 0.27 L. Fuhrman
L79, 0301+0115 03 01 44.19 +01 15 30.8 0.0747 7.55 338.0 0.029 2016 Nov 06 360 0.36 J. Miller
L99, 2140+0025 21 40 54.55 +00 25 38.2 0.0838 7.52 381.5 0.021 2016 July 16 360 0.29 A. Smith
L102, 2221-0906 22 21 10.83 -09 06 22.0 0.0912 7.77 417.3 0.016 2016 July 16 540 0.32 A. Smith
L103, 2222-0819 22 22 46.61 -08 19 43.9 0.0821 7.66 373.3 0.017 2016 Sep 08 378 0.27 T. Geballe
L106, 2233+1312 22 33 38.42 +13 12 43.5 0.0934 8.11 428.0 0.018 2016 Aug 07 216 0.32 M. Schwamb
L109, 2351+1552 23 51 28.75 +15 52 59.1 0.0963 8.08 442.2 0.014 2016 Oct 15 432 0.26 M. Hoenig
L126, 0845+3409 08 45 56.67 +34 09 36.3 0.0655 7.37 294.4 0.009 2016 Oct 30 324 0.37 R. Pike, W. Fraser
Note. Column (1): target ID used throughout the text (based onR.A. and decl.). Column (2): right ascension (J2000). Column
(3): declination (J2000). Column (4): redshift from SDSS-DR7. Column (5): logarithm of BHmass (solar units) (uncertainty
of 0.4 dex) taken from Bennert et al. (2015). Column (6): luminosity distance, derived using redshift and the standard cosmo-
logical model (Mega parsecs,Mpc). Column (7): galactic foreground extinction from NED, obtained using the UKIRT K filter
(magnitude). Column (8): observation date (UT time). Column (9): exposure time (seconds), Column (10): Full Width Half
Max, FWHM (arcseconds). Column (11): observer.
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2.3.2 Reduction
The data reduction process followed standard procedures, making use of the
Gemini IRAF package customized for NIRI, and including dark subtraction and
flat fielding using off-target exposures. Calibration for flux was conducted using
standard IRAF photometry on UKIRT faint standard stars that were observed
directly before or after the science images.
2.3.3 Image preparation
The PSF image (provided to Galfit) must be such that the PSF (star) is in the
very center of the image, or, if the number of pixels on each side is even, more
precisely at #pixels2 . The PSF peak location was found using the PyRAF task
Imexamine. In principle it would have been possible to use the target images as
they were after the reduction. The analysis, however, is simplified if the galaxies
are centered in the images and the images are cropped to suitable sizes, since
whenever the galaxy center location is to be specified we know it is the image
center location. Ideally the sky background should be zero in the target and PSF
images. The sky background count level was estimated to integer precision and
subtracted from the target and PSF images using Imexamine and Imarith.
The sky-subtracted images were cropped to suitably sized images in which the
galaxies are located in the very center. A suitable size must assure that the galaxy
edges are within the images and that there is enough space around the edges that
the extended wings can be correctly modeled. It must also be small enough to
make computation times reasonable. Deciding on such a size is difficult because
in general the extended galaxy wings have pixel values less than that of the pixel
noise. For this analysis we chose a uniform target image size that worked for all
objects. We required that the semi-major axis of the galaxies constitute at most
one-fourth of the image side length. This estimation does not take into account
extreme irregularities such as tidal disruptions that may well extend beyond one
fourth of the image side. Cropping the images using this requirement gives plenty
of background sky to fit, resulting in a more accurate sky count estimate. This
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decision was somewhat arbitrary and was simply based on experience.
The final Galaxy images were 600x600 pixels. The PSF images were by default
cropped to 100x100 pixels. This makes the pixel size approximately 30 times the
FWHMof the PSF, assuring that practically all gathered light from the stars is
caught within that image. For one object, 0206-0017, the PSF images were
cropped to 60x60 pixels and for another object, 2221-0906, to 80x80 pixels, due
to neighboring light from nearby stars. An image in which the pixel values equal
the variance of the pixel values in the corresponding science image was provided
for each target. Galfit requires a sigma image, obtained by taking the square root
of the pixel values of the variance image. This image was then cropped to the
same size as the galaxy images.
2.4 Definitions
In this section the components used in our models are given precise definitions
which are used throughout this paper.
2.4.1 Point spread function
A point spread function (PSF) is any light distribution in the image that is
generated by the random and systematic aberrations of a single point source of
light, caused by anything in the light’s path (e.g. atmospheric disturbances and
diffraction in the telescope). A model of the observed PSF is any star that is
visible in the image, since for all practical purposes they are point sources of light.
The resulting image of a star therefore complies with the definition of a PSF.The
notation XPSF, where X is any value/parameter related to the PSF is applied. Note
that each PSF used in the models is an image of a field stars in the off-target
images located at approximately the same pixel location as the AGN and at the
same distance from the guiding star. This minimizes PSF mismatches due to
diffraction which depends on the optical path.
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2.4.2 Bulge
A bulge is any component of the galaxy that is, when represented by a Sérsic
profile function (see e.g. de Vaucouleurs, 1948, for a discussion, particularly for
the case n = 4), found to have, or, constrained to, a Sérsic index 0:5  nB  6
and qB  0:5. The notation XB, where X is any value/parameter related to the
bulge is applied. In this project we distinguish between pseudo- and
classical-bulges by considering the Sérsic index nB of the bulge. Following the
guidelines by Kormendy and Ho (2013) we require that:
• Sérsic index nB < 2 for pseudo-bulges, nB  2 for classical-bulges.
In our paper Bennert, Stomberg et al., (in progress), a more conservative
definition of a pseudo-bulge is applied. The criteria listed below, including that
stated above, are used to distinguish pseudo-bulges from classical-bulges.
1. Bulge-to-total-luminosity ratios B=T > 0:5 for classical-bulges.
2. vmax;re=σcenter > 1 for pseudo-bulges,< 1 for classical-bulges where vmax;re
is the maximum velocity at the effective radius of the bulge and σcenter is the
stellar velocity dispersion in the center.
3. The presence of a bar in face-on galaxies is an indicator of a pseudo-bulge.
In Bennert, Stomberg et al., (in progress), to be conservative, only galaxies
satisfying at least three out of the four criteria are classified as having a
pseudo-bulge. In this project, however, we only consider the criteria for the
Sérsic index. Galaxies that are found to have pseudo-bulges motivated by nB < 2
should thus only be be considered as pseudo-bulge candidates (since more
analysis is required to obtain dependable results).
2.4.3 Disk
A disk is any component of a galaxy which, when represented by a Sérsic profile
function with a fixed Sérsic index nD = 1 (exponential) (see e.g. Freeman, 1970,
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for a discussion), is found to have an effective radius re;D > re;B. This roughly
means that the disk is required to be spatially larger than the bulge. The notation
XD, where X is any value/parameter related to the disk is applied.
2.4.4 Bar
A bar is any component of a galaxy which, when represented by a Sérsic profile
function with a fixed Sérsic index nbar = 0:5 (Gaussian), is found to have an axis
ratio qbar < qB. The notation Xbar, where X is any value/parameter related to the
bar is applied.
2.5 Parameter Sensitivity and Systematic Errors
The information presented below constitutes a summary of some concepts
presented on the Galfit Home Page (Peng, 2017) relating to systematic errors and
parameter sensitivity.
The higher the Sérsic index of a component, the more centrally concentrated
the galaxy but also the more extended the wings. Since these wings extend over a
large region, galaxies with high n are more sensitive to light contamination from
neighboring galaxies and stars, flat fielding errors and erroneous sky estimations.
For such galaxies it is even more important to properly account for neighboring
light sources and the sky since even minor errors in the background or failing to
account for contaminating light sources generally result in erroneous model
parameters. In particular it can drive up the Sérsic index to higher values. This
leads to overestimated magnitudes and sizes, thus inducing systematic errors.
Elliptical galaxies (found to be well represented by a Vaucouleurs profile (n=4))
are thus highly sensitive to neighboring galaxies, stars, sky mismatches and flat
fielding errors.
In general it is not possible to produce a model representation of a galaxy that
perfectly reproduces the 2D light profile. In most cases we therefore expect
component mismatches to some extent. If the mismatch is significant, Galfit may
attempt to resolve this by producing unrealistic sky component values, e.g. by
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making it unreasonably bright. Again, this is most often seen as Sérsic indices
growing non-physically high and while doing so suppressing the sky component,
rendering the galaxy bigger, brighter and more concentrated. Conversely, if the
sky is overestimated, components will be found to be less luminous, have lower
Sérsic indices and smaller radii. Flat fielding issues, e.g. the sky is not only tilted
but also has a parabolic or saddle-like appearance, may present themselves in the
same manner as above.
In conclusion, properly accounting for the sky is crucial for obtaining accurate
model parameters. We must therefore pay close attention to the behaviour of
Sérsic indices and sky parameters as we produce the fits in order to identify
possible mismatches and be able to account for these.
2.6 Discussion of the Fitting Procedure
Before we describe a well-defined fitting procedure, we should first walk through
a discussion of the available approaches.
The number of components added to the model representation of a galaxy is
an important aspect to consider. Adding many components to a galaxy generally
produces a better fit. The results might, however, be harder to interpret: if more
components are added than there are morphological components to account for,
there may no longer be a unique way to decide which morphological feature is
accounted for by what component. Adding multiple components thus leads to
degeneracy. With more components there are many sets of component
parameters that produce nearly identical models. Models that contain many
components are thus more likely to converge at a local minimum.
Restricting the number of components to the bare minimum can help resolve
some of these issues. This is the approach that is undertaken in this project,
meaning that a PSF and a bulge are added by default (all galaxies are assumed to
have these components) and that a disk and a bar are added if need be, according
to their definitions in section 2.4. We should note that while fitting an
asymmetric galaxy with a symmetric profile will result in residuals quite apparent
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in the residual image, the overall brightness estimated for the profile should be
unaffected by not accounting for the asymmetry. Thus components and
modifications to account for asymmetries (e.g. spiral arms or tidal tails) may only
be a cosmetic alteration when included in the fit, and not affect the physical
results. Many studies involving galaxy decomposition fit models containing only
a few components, adopting an AGN (if present)+bulge+disk+bar (if present)
approach and the idea that each model component should have properties that
are physically motivated (see e.g. de Jong, R. S., 1996; Läsker et al., 2014a). Based
on the above discussion and comparability we choose to construct one or two
model types depending on the galaxy morphology: a standard model, including a
PSF and a bulge (and if need be a disk) produced for all objects; and an improved
model, which includes everything that does the standard model but also a bar.
The improved model is only produced for those objects which contain a
suspected bar component.
2.7 Fitting Procedure
Now that we have established definitions for a PSF, bulge, disk and bar, we are
ready to specify a procedure that will help us obtain the data in a scientifically
satisfying and efficient way. We have already decided to produce standard and
improved models as defined in section 2.6 for all galaxies. To evaluate the models
and investigate uncertainties, other models described in section 2.8 are also
produced. For galaxies wherein no bar appears to be present only the standard
model is produced; when a bar is present, both the standard and improved
models are produced.
1. Preparations
Before invoking any fitting, the fully reduced image of each galaxy is
examined carefully by eye as well as by using simple PyRAF display and
Imexamine tools to determine the galaxy morphology and initial
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parameters. In particular, disks, often indicated by spiral structures; bars,
seen as an oblong structure through the center and usually connecting to
some of the spiral arms; and other irregularities, such as bright stars within
the galaxy, ring structures, and tidal disruptions should be noticed. In
general, the analyst should note anything in the galaxy that is important to
account for in the fit. Pixel locations and type specifications for
neighboring stars and galaxies are also recorded. After completing this
process it is time to prepare the Galfit input file. The necessary input
images, i.e. a PSF-, sigma- and science-image are referenced. The fitting
region is set to the full image (since it is already cropped to a suitable size)
and the convolution box is set to 200x200 pixels.
2. Adding the first components
Themodel begins with sky, PSFs and Sérsic profiles for the neighboring
stars and galaxies, and a PSF and a bulge component with fixed nB = 4 for
the target. Since the sky is subtracted beforehand with integer accuracy we
set the initial sky value in the image center to zero. The PSFmagnitude is
set to some reasonable initial value (e.g. 15 mag.) The bulge initial guesses
were estimated in the first step and are specified here. Common values
include re;B = 5 pixels; qB = 0:8. Unless the galaxy fitted is an elliptical
galaxy, this model is likely to produce a bad fit since the galaxy is
represented by a single Sérsic profile. While Galfit is running the
behaviour of the parameters should be studied: do they evolve in a single
direction, or do they jump seemingly at random? Have some of the
parameters stopped updating? Are some parameters, e.g re unreasonably
small? In particular, the sky value should be watched and it should be
noted whether it remains close to zero; the bulge parameters and their
evolution should also be considered. These are only some of the concerns
to consider while observing the model evolution: all behaviors of the
parameters are potentially of interest. In practice, different initial
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parameters must often be tried in order to obtain a fit that works. If
parameters stop updating during the run, the reason is likely that one or
more parameters are too small for Galfit to be able to iterate (typically re,
since a very small re implies a point source which cannot be further
adjusted). In this case, constrain the misbehaving parameter to some
greater value and restart the iteration process.
3. The case of an elliptical galaxy
Once the fit has converged the output images are inspected. Of most
importance is the residual image. Likely, the residual will look poor; in this
case, proceed to step 4. If the residual looks good (i.e. close to the sky
background noise), the galaxy is a candidate elliptical galaxy, and we
pursue the steps below to investigate this further. If the residual appears
poor or if on closer inspection of the science image it is obvious that the
galaxy is not an elliptical, proceed to step 4.
(a) Release nB in the new parameter file and run Galfit. While it is
running, watch how the parameters evolve. Again, pay attention to
the concerns mentioned in step 2. Note the value of χ2ν .
(b) Now we add a disk and run Galfit again. We watch for four
indications that the Galaxy is elliptical: (1) χ2ν decreases only
negligibly when the disk is added, (2) re;B and re;D are comparable
when the parameters are released in the free model (see section 2.8)
unless a PSF mismatch is suspected, (3) the derivedmD << mB,
and (4) the radial profiles (see e.g. table 3.1.1 item a) ) indicate a
good fit. Specifying these indications quantitatively is not
necessarily desired. (1) χ2ν depends not only on the fit of the galaxy
but also on that of the neighboring stars and galaxies; we can
therefore not generalize by choosing a sole decrease in χ2ν . A
decrease of e.g.  0:02 is however considered small and is a good
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reference value. Not all of above indications must hold in order for
the galaxy to be elliptical. The indications are discussed on a
case-by-case basis and each galaxy is individually assessed.
(c) If some of these conditions are satisfied and the parameters are
well-behaved the disk is removed, Galfit is run on the new input file
without a disk and a newmodel is produced. If again the parameters
are well-behaved (2  nB  6 and q < 0:5), the galaxy is found to
be elliptical. The produced model is called a standard model. There
is no need to produce an improvedmodel since there is no suspected
bar. Proceed to 5. If the parameters are not well-behaved, continue
to the next step.
(d) If some of the conditions are satisfied but the parameters are not
well-behaved we need to constrain the model. Since ellipticals are
found to be well represented by the Vaucouleurs profile (n = 4) we
should first inspect nB. This should not be low (nB < 2) since if that
were the case we should suspect that the component is actually
fitting to a disk, forcing us to question whether our galaxy is indeed
elliptical. Luckily, this has never been the case within our study.
Instead, nB can be too high (nB > 6). There is no easy remedy for
this, but it could be an indication of a sky mismatch. To test this,
constrain nB = 6, run Galfit again, and note how the sky parameters
change. If the sky count value does not change much, it is unlikely to
be a sky mismatch. This will merely indicate the quality and
reliability of the model. In the end we must constrain the model to
what is physically a bulge. Thus, the applied remedy for this case
when nB > 6 is to constrain nB = 6. With this added constraint,
Galfit is run. Now, if the conditions are again satisfied, we conclude
that the galaxy is an elliptical galaxy. The produced model is called a
standard model. There is no need to produce an improved model
since there is no suspected bar. Proceed to step 5.
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(e) If the conditions are not satisfied, proceed to step 4
4. If not elliptical
Adding a disk component
If the galaxy cannot convincingly be classified as an elliptical, we add a disk
component to the fit.
(a) Starting from step 2 or 3, a disk is added. Initially we set nB = 4 and
nD = 1. Reasonable disk parameters are assigned (e.g.
re;D = 40 pixels,mD = 14mag:, qD = 0:6) and Galfit is run on this
new input file.
(b) Once the fit has converged, if the residual looks reasonable (i.e. the
noise and visible features in the overall residual appear to be mainly
due to asymmetrical galaxy structures) release nB and run Galfit
again. If residual looks unreasonable (e.g. there is an obvious
component mismatch), go to (a) and modify the parameters, e.g.
constrain misbehaving parameters to some value.
(c) If the fit is well-behaved (i.e. all components satisfy their definitions
and there are no suspected component mismatches), proceed to step
5.
(d) If the fit is not well-behaved, constrain the parameters to the closest
upper/lower limits (e.g. nB = 6, nB = 0:5 or qB = 0:5), and run
Galfit on the new parameter file. If the residual looks reasonable,
proceed to step 5. Otherwise try holding some parameters fixed, run
Galfit, and see what happens. A trial and error approach must often
be applied.
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Adding a bar component
If in the standard model development it is suspected or indicated that a bar
is present, we also develop an improved model by following the steps
below.
(a) Starting off with the model obtained after following the first part of
step 4, a bar is added. We set nBar = 0:5. Reasonable bar parameters
are assigned (e.g. re;Bar = 15, qBar = 0:3) and Galfit is run on this
new input file. To obtain a good fit or even convergence, it is
important to provide good estimates for the position angle PABar.
(b) Once the fit has converged, if the residual looks reasonable, release
nB and run Galfit again. If the residual looks unreasonable, go to (a)
and modify the parameters. When adding a bar, Galfit may at first
have trouble recognizing it. This is because the bulge fitted in the
standard model may, instead of fitting to the actual bulge, fit the bar.
Thus, when adding the bar component, there might be a degeneracy
that prevents Galfit from identifying the components properly. In
this case, start over from step (a) but make sure re;B < re;Bar and set
qB = 1. This way Galfit will more easily identify the components in
the image and converge.
(c) If the fit is well-behaved (i.e. all components satisfy their definitions
and there are no suspected component mismatches), proceed to step
5
(d) When adding a bar, it is common that re;B < 2 pixels. This can be
interpreted as an indication that the bulge is unresolved and/or
indicate a potential PSF mismatch. These cases require extra
attention, since this is close to the limit of what is resolved. See step
5 and section 2.8 for a discussion of how to tell whether the obtained
bulge is actually physical or if it must be discarded. If after (b) the
model is not well-behaved, try fixing some parameters (e.g. nB = 3
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to avoid a PSF mismatch or qBar = 0:2 to force the bar component
to fit an oblong structure), and run Galfit again. Repeat this until a fit
is generated that accurately represent the desired components.
5. Model evaluation
Following the procedure described above results in in one or two models:
the standard and possibly the improved model. The co-variance results in
dependent parameters that together decompose the entire image in all
relevant light distributions, the superposition of which compromises the
complete model image. Wemust make sure our fits are reasonable. The
model evaluation process is divided into parts.
(a) Sky mismatch
When neighboring galaxies are present in an image, there is an
excellent opportunity to judge the sky value Galfit provides.
Neighboring galaxies are fitted with a single Sérsic profile. Using a
single component is generally sufficient since neighboring galaxies
are, in general, not AGNs (i.e. no PSF is needed): they are much
smaller than the target galaxy and all we want to accomplish is to
make sure that, after subtraction of the fitted component, the light
contribution of the neighboring galaxy is, on average, zero. The
single Sérsic profile must account for the full morphology of the
neighboring galaxy. Because of this, we expect to find that these
components do not have overly high or low Sérsic indices
(0:5 < n < 4) and reasonable effective radii, e.g. re < 10. High
Sérsic indices and non-physically large effective radii indicate
extended wings or, more importantly here, an underestimated sky.
Conversely, low Sérsic indices might indicate an overestimated sky.
Thus, by observing the parameters of the neighboring galaxies we
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can now identify possible sky mismatches. The same reasoning
holds true for the bulge component, but this is complicated due to
the more complex fit and other possible component mismatches.
However, in any case that nB > 6 or rB unreasonably large, care
should be taken to investigate the reasons for this and a sky
mismatch should be suspected.
Note that if a neighboring star is accidentally fitted with a Sérsic
profile, we expect a very small effective radius (e.g. re<1). This is
because this profile, after convolution and in case of a perfect PSF, in
principle should be a delta function and thus have re = 0. This small
effective radius renders all other parameters for this profile useless
for model evaluation since in this case Galfit cannot perform the
iterations properly.
(b) PSF mismatch
To accurately model the PSF, the sky exposures were chosen to
include a nearby bright field star at the same distance from the guide
star and at the same location as the AGN, to allow for guided sky
exposures. Even though the goal was to take the images such that
both the PSF star and the galaxy were in the very center of the
images, this was not always achievable due to the constraint that the
same guide star had to be available to guide on the galaxy as well as
the PSF star. Therefore, we cannot expect a perfect fit between the
PSF and the neighboring stars or AGN.
There are many reasons for PSF mismatches, such as slightly
different observation conditions for the target/off-target images,
different diffraction effects due to different locations in the
field-of-view and randommotions of the telescope. We need a
means of identifying possible PSF mismatches. The first and most
obvious step to detect a mismatch is to observe the residual image
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and see how well the neighboring stars are fitted. If there is no or a
very slight star residual we can at least conclude that these stars are
fitted well, making it more likely that the AGN is also fitted well. The
AGN, however, is in most cases much brighter than the neighboring
stars which can produce a slightly different PSF. Even in cases for
which neighboring stars are well represented by the PSF image, this
alone is not a sufficient reason to discard a PSFmismatch: in most
cases a more thorough investigation is necessary. This applies to
cases where re < 2 and/or other parameters (e.g. qB or nB, when
unconstrained) behave strangely, which is usually the case for PSF
mismatches. Typical behaviours include qB < 0:1 and Galfit
struggles with convergence.
One means for studying the effect and uncertainty associated by
PSFmismatches is to extract a secondary PSF image from the
off-target image. This is possible for objects in whose off-target
image there is another star that can serve as a PSF.This extra PSF
image can then be used in a newmodel from which we can estimate
the uncertainty due to PSFmismatches. The second PSF image is in
general less likely to produce a good PSFmatch. This is because it is
always further from the image center than the primary PSF: it is not
at the same distance from the guiding star as the AGN and has a
lower signal to noise ratio. Using this star as a reference is therefore
not necessarily an appropriate way of estimating the uncertainty and
finding out whether there is a mismatch with the primary PSF.
(c) Avoiding local minima
Care must be taken that the converged parameters represent those of
the true global minimum. This is done by changing some
parameter(s) in what is thought to be the final fit, e.g. nB or re;D, and
then running Galfit on the updated file. If the true global minimum
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is reached, the parameters should again converge to the same
parameters as before the change. If they do not, the procedure must
be repeated until Galfit converges at the same parameter set for
slightly different input parameters. Another way to verify that the
true global minimum is reached is to compare all the models
produced for each galaxy (see section 2.8). For cases in which no
mismatches are suspected we expect the models to produce
comparable results. When this happens, it is also an indication that
the true global minimum has been reached.
2.8 AlternativeModels andUncertainty
When producing the fit, our underlying definitions of bulges, disks and bars force
the model to extract data that is physically motivated. Tidal disruptions are only
one way galaxies suffer from evolutionary events that transform them into shapes
and forms that are no longer well represented by symmetrical profiles. And even
though the galaxies to a great approximation are still symmetrical, the exact
nature of the components may have changed. In a way, our procedure above
seems to extract a statistical average, treating the galaxies as if they were all the
same. It may function as a perfectly adequate procedure for analyzing many
galaxies, but we must also conclude that this approach induces model
uncertainties that are likely to be some of our biggest sources of error.
2.8.1 Galfit uncertainties
Galfit provides uncertainties for the parameters it specifies in its output file.
These uncertainties are calculated analytically. In reality, the true uncertainties
are in practically all cases bound not by those induced by the Poisson pixel noise
and other computational limitations, estimated by Galfit; instead they are
dominated by the uncertainties associated with not knowing the correct
morphological nature of the galaxy, and with having attempted to fit symmetrical
profiles to asymmetric objects. In this project, we therefore do not consider
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uncertainties estimated by Galfit but instead derive reasonable uncertainty ranges
that are motivated by the produced model parameters.
2.8.2 Model uncertainties
To evaluate uncertainties, some or all of the models below were produced for
each target.
• Standard model (Std)
This model is widely used in the literature and provides data that is readily
comparable.
• Improved model (Imp)
In this model a bar component is added. It is otherwise identical to the
standard model.
• -Stars
This model investigates the effect of not fitting the neighboring
stars/galaxies. This is expected to primarily affect the sky component
which in turn changes the galaxy parameters. If no model name is added in
front of ”-Stars” it is by default the standardmodel that is being considered.
Otherwise, the model must be specified, e.g. ”Imp -Stars”, for the
improved model.
• -Sky
This model investigates the effect of not fitting the sky. The sky value
should in most cases be close to zero (0 1 pixel counts). For that reason,
removing the sky component is not expected to have a great impact on the
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model parameters, unless the bulge has a high nB, in which case extended
wings are present, making the fit more sensitive to sky variations. If no
model name is added in front of ”-Sky” it is by default the standard model
that is being considered. Otherwise, the model must be specified, e.g.
”Imp -Sky”, for the improved model.
• -Stars -Sky
This model investigates the combined effect of not fitting the neighboring
stars/galaxies and the sky. If no model name is added in front of ”-Stars
-Sky” it is by default the standard model that is being considered.
Otherwise, the model must be specified, e.g. ”Imp -Stars”, for the
improved model.
• X Free
This model investigates the effect of releasing the parameter associated
with what X represents. If no model name is added in front of ”X Free” it is
by default the standard model that is being considered. Otherwise, the
model must be specified, e.g. ”Imp X Free”, for the improved model.
• Free
This model releases all parameters. It investigates the effect of letting the
parameters evolve freely and the components transform from their
assumed initial representations. If the initial constrained fit is indeed a
good representation the free model should yield insignificantly different
results. If instead this model dramatically changes from the initial model
our definitions and assumptions are likely not to have been very applicable
to that galaxy. This property thus helps probe model uncertainties induced
by applying our definitions. If no model name is added in front of ”Free” it
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is by default the standard model that is being considered. Otherwise, the
model must be specified, e.g. ”Imp Free”, for the improved model.
• +/- X
This model investigates the effect of adding or subtracting the component
represented by X. If no model name is added in front of ”+/- X” it is by
default the standard model that is being considered. Otherwise, the model
must be specified, e.g. ”Imp -Bulge”, would denote a version of the
improved model that excludes a bulge component.
• PSF2
This model investigates the effect of fitting a secondary PSF-image (i.e. the
principal PSF (used in the standard and improved model) is replaced by a
secondary PSF). If no model name is added in front of PSF2 it is by default
the standard model that is being considered. Otherwise, the model must
be specified, e.g. ”Imp PSF2” would denote a version of the improved
model that uses a secondary PSF-image.
• X
This is is a custommodel, produced when there is a particular need, which
investigates the effect of modifying the model in a manner indicated by the
meaning of X. If no model name is added in front of X it is by default a
modified version of the standard model that is being considered.
Otherwise, the model must be specified, e.g. ”Imp PSFs”, would denote a
version of the improved model that investigates the effect of fitting
multiple PSF components to the AGN. In the case of a custommodel
these details must be further described.
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The above set of models was constructed to probe how the data is sensitive to
different modeling conditions.
2.9 DerivingHostGalaxy Properties
Bulge and total luminosities are derived from the model parameters. The
procedure is described below.
2.9.1 Apparent magnitude
Observations of photometric standard stars were performed in conjunction with
the observations of each object. On these stars, standard reduction and
photometry were performed (using PyRAF and aperture photometry) to obtain
instrumental magnitudes. These were then compared to known apparent
magnitudes. The photometric zero point was derived for each object using
mzero = mtrue   minst + k(μ   1) (2.4)
wheremzero is the photometric zero point,mtrue is the knownmagnitude of the
standard star,minst is the instrumental magnitude (measured using PyRAF
aperture photometry), k is the extinction coefficient (which is 0:052 in the
K-band) and μ is the airmass of the observation. This zero point was then
provided to Galfit in the input file to obtain apparent magnitudes for our objects
and model components fromGalfit.
2.9.2 Absolute magnitude
Before we can derive the bulge and total luminosities we must convert from
apparent magnitudem (obtained with Galfit) to absolute magnitudes. In
converting to absolute magnitudes we account for galactic foreground extinction
ext: (mag:) (positive for light absorption), derived from the NASA/IPAC
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Infrared Science Archive. The absolute magnitudeM is obtained through
M = m  ext:  5 log LD
10pc
(2.5)
where LD is the luminosity distance.
2.9.3 Luminosity
K-short-band (Ks-band) luminosities were determined assuming an absolute
Ks-band magnitude of the SunM;Ks = 3:302 0:02mag: (Prša et al., 2016).
The Ks-band luminosity is now obtained through
L
L;Ks
= 100:4(M;Ks M) (2.6)
where L;Ks is the Ks-band solar luminosity, and L is the luminosity for the host
galaxy or its components andM is the corresponding absolute magnitude.
2.10 Data Comparison
To evaluate the derived host galaxy parameters, we compare our data with that
presented in Läsker et al. (2014a,b), two papers in which BH host-galaxy scaling
relations are derived using decomposition techniques on NIR images in the
K-band. They exploit data of excellent quality, obtained using theWIRCam
imager at the Canada–France–Hawaii Telescope (CFHT) at Mauna Kea. Their
galaxy sample is constituted of 35 quiescent galaxies of different Hubble types
(see table 1 in Läsker et al., 2014a, for sample details) for which theM is
estimated to good accuracy by dynamically modeling the spatially resolved stellar
or gas motions (for details, see Läsker et al., 2014b, and references therein). As
part of the analysis, they perform a 2D-decomposition using Galfit which for
most galaxies includes more components than just a bulge and disk to account
for asymmetric irregularities (Note that their galaxies in general are not active. A
PSF component is therefore not added by default.). Furthermore they choose
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not to place any prior constraints on the component parameters, but evaluate
them after the fit to ascertain that they are indeed physical.
Despite our methods being slightly different from theirs, our results should be
comparable. Their images are in the K-band, whereas ours are in the Ks-band. To
convert from K-band to Ks-bandmagnitudes, equation 2.7 below should be used.
MKs = MK + 0:002+ 0:026(MJ  MK) (2.7)
whereMKs is the Ks-band magnitude,MK is the K-band magnitude andMJ is the
J-band magnitude. We cannot perform this conversion since theMJ magnitude is
unknown. Instead we argue that since 0:002+ 0:026(MJ  MK)will always be
relatively small and particularly much smaller than our uncertainty ranges, we
simply state the K-band luminosities as they are stated in Läsker et al. (2014a,b).
In this project, we useM;Ks = 3:302 0:02mag: (Prša et al., 2016). This is
different from the valueM;K = 3:28mag. However, again the difference is in
most cases much smaller than the uncertainty. We therefore find it sufficient to
acknowledge this difference but do no further adjustments to account for it.
2.11 Imexamine and Ellipse
Imexamine is a PyRAF task that was used extensively throughout this study. It
allows images to be readily examined using an image display, various types of
plots and other text outputs. Imexamine also facilitates the use and preparation
of image headers.
Ellipse is a PyRAF task that fits elliptical isophotes to a specified galaxy image.
It takes the image as the input and generates a +40-column table of parameter
data for the isophotes. This data is used to construct the 1D surface brightness
profiles of the galaxies and models, as seen in the figures in sections 3.1 and 4.1.1.
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3
Analysis
In this chapter, the reader is guided through a summary of the analysis of each
galaxy, emphasizing the particularities of each galaxy.
3.1 Individual Galaxy Analyses
This section includes comments on the fitting procedure, the resulting
parameters and observations made for each galaxy, followed by the science-,
model-, and residual-images. These are presented alongside a diagram showing
the galaxy surface brightness profile co-plotted with the model surface brightness
profile. Data for this plot was obtained using the PyRAF task Ellipse presented in
section 2.11. Themodels produced for each galaxy are summarized in a table.
The figures and tables are found close to, but not exactly on the same page, where
they are referenced. A brief model evaluation and discussion on the overall
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model quality and uncertainties is given at the end of each galaxy section. In
appendix A, chapter 5, the galaxy and model images, including the radial
brightness profiles, are shown in a more contracted format and with a larger field
of view, allowing for easy comparison and referencing.
Galaxy L2, 0206-0017
Comments on the fitting procedure
The fit went smoothly. No issues to report.
Result
L2, 0206-0017 is determined to be a disk galaxy with a classical-bulge. The galaxy
is a merger with tidal disruptions. See figure 3.1.1 and table 3.1.1 for images and a
model summary. In table 3.1.1 we notice how sensitive the re;B is to nsky. We also
notice how the free model reproduce nsky, nB and nD reasonably well, but assigns a
greater luminosity to the disk. Despite re;B being very sensitive to the sky value,
LB is not. And since the free model reproduces the parameters to a reasonable
degree of accuracy, we can be confident that our standard model yields good
parameter estimates. Within the models the bulge luminosity spans
11:30 < nB < 11:58 (log LL ). The total luminosity LTot spans
11:61 < Ltot < 11:70 (log LL ). We take these as our luminosity ranges and
uncertainty limits.
Galaxy L5, 0026+0009
Comments on the fitting procedure
The fit went smoothly. No issues to report.
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Figure 3.1.1: L2, 0206-0017 Resulting Images and Plots
Note. Item (a): surface brightness and ellipticity plots, obtained with the PyRAF task
Ellipse. Upper plot: thick grey line = data, thick green dotted line = Standard model,
thin green full line = PSF, thin green barred line = bulge, thin green dotted line = disk.
Lower plot: grey = data, green = Standard model. Item (b): science image obtained with
NIRI. Item (c): Standard model image (d): Similar image taken from the SDSS archive,
imaged in the near infrared (peak wavelength = 7625 Å), added for comparison. Item
(e): Residual image. For all images: north is down, east to the right. All images are on
the same grey scale and have the same field-of-view (FOV: 15 arcsec x 15 arcsec, scale:
 1   1:6 kpc=arcsec, depending on the redshift of the galaxy). This small FOV was
chosen to show details of the innermost regions.
Result
L5, 0026+0009 is determined to be a disk galaxy with a classical-bulge. The
galaxy has a prominent ring structure which can be clearly seen in figure 3.1.2.
See figure 3.1.2 and table 3.1.2 for images and a model summary. The ring
structure complicates evaluation of the model. Since our representation lacks a
ring component, the bulge and the disk in our model must account for this extra
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Table 3.1.1: L2, 0206-0017 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.278
Sky -1.02E-5 -1.02E-5 -0.299
PSF 301.56 301.17 14.41 10.12
Bulge 301.43 301.46 10.91 11.52 44.33 4.76 0.73 -2.63
Disk 299.89 297.62 11.83 11.15 86.33 [1.00] 0.49 10.13
Total 11.67
-Sky PBD 1.289
PSF 301.55 301.18 14.31 10.16
Bulge 301.44 301.47 11.40 11.32 23.54 3.55 0.73 -3.07
Disk 300.17 298.84 11.46 11.30 79.07 [1.00] 0.55 8.38
Total 11.61
-Sky -Stars PBD 1.36
PSF 301.57 301.19 14.33 10.15
Bulge 301.41 301.45 11.36 11.34 24.75 3.65 0.73 -2.64
Disk 300.48 299.04 11.48 11.29 80.05 [1.00] 0.56 7.30
Total 11.62
-Stars SPBD 1.348
Sky 5.82E-5 5.82E-5 -0.339
PSF 301.57 301.17 14.47 10.09
Bulge 301.41 301.45 10.76 11.58 55.58 5.29 0.72 -2.68
Disk 300.13 297.72 11.97 11.09 84.52 [1.00] 0.48 9.92
Total 11.70
Free SPBO 1.276
Sky -1.05E-5 -1.05E-5 -0.283
PSF 301.53 301.15 14.60 10.04
Bulge 301.49 301.46 11.46 11.30 24.64 4.74 0.76 -6.33
Other 300.58 300.31 11.18 11.41 82.81 1.54 0.56 7.63
Total 11.66
Note. Column (1): Model name. Column (2): Model components. The letters indicate which components
are added (S=sky, P=PSF, first B=classical-bulge, b=possible pseudo-bulge (Bulge letter abbreviation (B or b) is
determined solely by nB (nB < 2! b, nB > 2!B)), D=Disk, second B=Bar, O=other (used for the undefined
free model components)). Column (3): χ2ν as defined in chapter 2. Column (4): for PSF, bulge, disk and bar,
component x center position in the image; for the sky: the sky count value derivative in the x direction. Column
(5): for PSF, bulge, disk and bar, component y center position in the image; for the sky: sky count value derivative
in the y direction. Column (6): for PSF, bulge, disk bar, photometric magnitude; for the sky: sky count value in
the center of the image. Column (7): derived component luminosity (10-logarithm of luminosity in solar units).
Note that the total luminosity does not include the PSF contribution. Values used to constrain uncertainty limits
are in boldface text. Column (8): effective radius (pixels). Column (9): Sérsic index. Column (10): axis ratio.
Column (11): position angle, defined with respect to the image pixel coordinate system such that a major axis
positioned vertically is 0 deg., increases counterclockwise. Any parameter value within square brackets is held
fixed to that value during the fit.
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light. In this analysis, we assume that using a bulge plus disk component
adequately represents the galaxy. This leaves us with the parameters in table 3.1.2
to estimate uncertainties. We see that the free model deviates only slightly from
the standard model. From this we conclude that our representation is likely to be
physically accurate (neglecting the ring). The relatively high nB is the most likely
explanation to the sky count sensitivity. Overall, the model is well behaved. From
the table we conclude that our LB estimates span 10:97 < LB < 11:09 (log LL )
and that 11:28 < Ltot < 11:32 (log LL ). We take these as our luminosity ranges
and uncertainty limits.
Figure 3.1.2: L5, 0026+0009 Resulting Images and Plots
Note. Same as figure 3.1.1
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Table 3.1.2: L5, 0026+0009 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 3.879
Sky -2.95E-4 -2.95E-4 0.238
PSF 300.38 301.52 16.18 9.71
Bulge 300.2 301.56 13.03 10.97 12.12 4.64 0.7 19.22
Disk 300.44 301.96 12.99 10.99 57.87 [1.00] 0.24 25.14
Total 11.28
-Sky PBD 3.883
PSF 300.49 301.5 16.48 9.59
Bulge 300.2 301.56 12.84 11.05 16.01 5.73 0.69 19.71
Disk 300.42 302.01 13.05 10.96 59.15 [1.00] 0.23 25.15
Total 11.31
-Sky -Stars PBD 4.113
PSF 300.63 301.35 16.7 9.5
Bulge 300.19 301.58 12.74 11.09 18.92 6.53 0.68 19.93
Disk 300.47 301.92 13.09 10.95 59.15 [1.00] 0.23 25.11
Total 11.32
-Stars SPBD 4.105
Sky 1.8E-4 1.8E-4 0.325
PSF 300.37 301.52 16.17 9.71
Bulge 300.2 301.56 13.03 10.97 12.13 4.6 0.7 19.2
Disk 300.43 301.96 12.99 10.99 58.02 [1.00] 0.24 25.13
Total 11.28
Free SPBO 3.875
Sky -3.15E-4 -3.15E-4 0.216
PSF 300.49 301.49 16.23 9.69
Bulge 300.18 301.57 12.79 11.07 16.99 5.16 0.65 20.2
Other 300.48 302.09 13.24 10.89 57.73 0.73 0.22 25.4
Total 11.29
Note. Same as table 3.1.1
Galaxy L10, 0813+4608
Comments on the fitting procedure
For the Standard model nB was constrained to nB = 6 since it otherwise
converged to higher values. Note also that the PSF is very faint. To investigate
this, multiple fits were produced with differentmPSF initial estimates. They
converged to slightly differentmPSF but were in all cases very small compared to
mB. This difference did therefore not affectmB to any significant extent.
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Result
L10, 0813+4608 is determined to be a disk galaxy with a classical-bulge, possibly
with a bar. See figure 3.1.3 and table 3.1.3 for images and a model summary. As
seen in figure 3.1.3 the Standard model and Improved model produce almost
identical radial plot profiles (item a). The light contribution by the PSF seems to
be extremely small sincemB > 20mag: for all models. Note also how it is
off-center for all models. This could indicate a PSF mismatch, but since
re;B > 4:7 pixels for all models the bulge is clearly resolved. This allows us to
conclude that there is no significant PSF light contribution. Comparing the
Standard and the Improved model it is clear that they produce almost identical
LB estimates. The Improved free model, however, generates parameters that are
significantly different from those of the Standard model and Improved model:
the Sérsic indices are for example far from those according to the definitions. We
take 10:72 < LB < 10:99 (log LL ) and 11:03 < LTot < 11:09 (log
L
L ) as our
luminosity ranges and uncertainty limits.
Galaxy L11, 0121-0102
Comments on the fitting procedure
It is questionable whether this model can resolve a bulge since re;B < 2 pixels.
Attempts to rectify this included a fit with a secondary PSF and a fit with multiple
PSFs, i.e. multiple PSF-components were added to account for the AGN. None
of these attempts helped resolve the bulge. In the Standard model qB;Std = [0:50]
in order to enforce our definition of a bulge.
Result
L11, 0121-0102 is determined to be a disk galaxy with a bar. The Improved
model suggests that the bulge is a pseudo-bulge. The Standard model on the
other hand suggests that nB;Std is low but not a pseudo-bulge. This is however
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Figure 3.1.3: L10, 0813+4608 Resulting Images and Plots
Note. Item (a): surface brightness and ellipticity plots, obtained with the PyRAF task
Ellipse. Upper plot: thick grey line = data, blue depicts the Standard model, red depicts
the Improved model, thick dotted line = model, thin full line = PSF, thin barred line
= bulge, thin dotted line = disk, dotted-barred thin red line = bar. Lower plot: grey =
data, blue = Standard model, red = Improved model. Item (b): science image obtained
with NIRI. Item (c): standard model image. Item (d): improved model image. Item
(e): Similar image taken from the SDSS archive, imaged in the near infrared (peak
wavelength = 7625 Å), added for comparison. Item (f): standard model residual image.
Item (g): improved model residual image. For all images: north is down, east to the
right. All images are on the same grey scale and have the same field-of-view (FOV:
15 arcsec x 15 arcsec, scale:  1  1:6 kpc=arcsec, depending on the redshift of the galaxy).
This small FOV was chosen to show details of the innermost regions.
questionable since it is ambiguous regarding whether or not the bulge is resolved.
See figure 3.1.4 and table 3.1.4 for images and a model summary. From figure
3.1.4 it is clear that the improved model yields a better fit to the galaxy except at
the very center. This is not a surprise since there is clearly a bar-like structure to
account for. Themodels for this galaxy are relatively insensitive to the sky
background level because of the low nB. To allow for more components to be
added to table 3.1.4, the model Imp -Sky -Stars and Imp -Stars are left out, which
does not affect our conclusions or uncertainty range, since the models are
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Table 3.1.3: L10, 0813+4608 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.293
Sky -2.1E-4 -2.1E-4 -0.0978
PSF 298.82 296.45 21.13 7.64
Bulge 301.33 300.31 13.27 10.78 10.00 [6.00] 0.94 72.06
Disk 301.18 300.28 13.55 10.67 39.51 [1.00] 0.40 63.47
Total 11.03
Imp SPBDB 1.287
Sky -2.06E-4 -2.06E-4 -0.123
PSF 298.88 296.13 21.10 7.65
Bulge 301.33 300.31 13.32 10.76 8.60 5.23 0.91 68.85
Disk 301.05 299.95 13.96 10.51 51.82 [1.00] 0.61 72.17
Bar 301.14 300.38 14.47 10.30 33.39 [0.50] 0.30 61.31
B+Bar 10.89
Total 11.04
Imp -Sky PBDB 1.288
PSF 298.70 295.97 21.4o 7.53
Bulge 301.33 300.31 13.42 10.72 7.19 4.76 0.92 69.11
Disk 301.06 300.05 13.84 10.55 47.14 [1.00] 0.61 71.43
Bar 301.16 300.37 14.54 10.27 33.16 [0.50] 0.3 61.03
B+Bar 10.85
Total 11.03
Imp -Sky -Stars PBDB 1.843
PSF 305.92 302.39 21.01 7.69
Bulge 301.32 300.30 13.29 10.77 8.98 5.30 0.91 67.03
Disk 300.95 299.65 14.09 10.45 56.19 [1.00] 0.61 78.44
Bar 301.08 300.44 14.35 10.35 33.73 [0.50] 0.31 61.21
B+Bar 10.91
Total 11.04
Imp -Stars SPBDB 1.734
Sky 1.64E-4 1.64E-4 -0.0679
PSF 298.89 296.18 21.06 7.67
Bulge 301.33 300.31 13.30 10.77 8.91 5.33 0.91 68.57
Disk 301.13 299.88 14.00 10.49 52.28 [1.00] 0.60 73.41
Bar 301.06 300.42 14.47 10.30 33.47 [0.50] 0.30 61.14
B+Bar 10.90
Total 11.04
Imp Free SPBOO 1.285
Sky -2.1E-4 -2.1E-4 -0.199
PSF 298.94 296.57 20.09 8.05
Bulge 301.34 300.31 12.75 10.99 23.23 7.51 0.86 67.35
Other 301.02 301.19 14.98 10.10 43.56 0.18 0.49 71.14
Other 301.14 300.16 14.88 10.14 32.89 0.28 0.26 61.19
Total 11.09
Note. Same as table 3.1.1.
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relatively insensitive to sky mismatches and those models produce parameters
very similar to those of the improved model. Themain issue for this galaxy seem
to be that of not resolving the bulge. To evaluate whether or not the bulge is
resolved, some investigative work was performed. First, the residual of a
neighboring star fitted with a PSF component was studied, suggesting a very
good fit and thus only a minor/negligible PSF mismatch. Themodel using the
secondary PSF produced an even less resolved bulge, possibly due to the lower
signal-to-noise ratio. The free model did not do a better job of resolving the
bulge. Even the model using multiple PSFs to account for possible random
telescope motion proved useless. Since the bulge Sérsic index is also very small
(nB = 1:37 for the improvedmodel) wemust declare that the bulge is unresolved
and thus state LB = 0 log LL as our lower limit. Motivated by the table we choose
0 < LB < 11:04 (log LL ) and 11:30 < LTot < 11:39 (log
L
L ) as our luminosity
ranges and uncertainty limits.
Figure 3.1.4: L11, 0121-0102 Resulting Images and Plots
Note. Same as figure 3.1.3
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Table 3.1.4: L11, 0121-0102 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.613
Sky 3.53E-4 3.53E-4 -0.494
PSF 300.48 301.43 13.64 10.63
Bulge 301.3 301.21 12.62 11.04 25.84 2.27 [0.50] -67.99
Disk 297.5 301.84 12.67 11.02 58.52 [1.00] 0.89 6.38
Total 11.33
Std qB Free SPbD 1.499
Sky 2.88E-4 2.88E-4 -0.4
PSF 300.5 301.38 13.37 10.74
Bulge 301.5 301.37 13.48 10.7 22.03 0.98 0.26 -67.89
Disk 299.83 301.29 12.3 11.17 45.89 [1.00] 0.95 -46.94
Total 11.30
Imp SPbDB 1.41
Sky 2.76E-4 2.76E-4 -0.39
PSF 299.48 301.62 15.34 9.95
Bulge 300.78 301.24 13.45 10.71 1.37 1.37 0.89 -55.12
Disk 300.2 301.26 12.25 11.19 45.81 [1.00] 0.88 -60.17
Bar 301.29 301.42 13.82 10.56 23.13 [0.50] 0.22 -67.87
B+Bar 10.94
Total 11.38
Imp PSF2 SPbDB 1.406
Sky 2.82E-4 2.82E-4 -0.391
PSF 300.05 301.22 15.47 9.9
Bulge 301.0 301.36 13.43 10.72 1.17 1.85 0.86 -59.57
Disk 300.46 300.84 12.22 11.2 45.71 [1.00] 0.88 -59.07
Bar 301.76 301.47 13.89 10.53 23.05 [0.50] 0.22 -67.93
B+Bar 10.94
Total 11.39
Imp -Sky PbDB 1.42
PSF 299.48 301.62 15.34 9.95
Bulge 300.78 301.24 13.45 10.71 1.36 1.36 0.89 -54.26
Disk 300.23 301.24 12.29 11.17 44.49 [1.00] 0.88 -60.66
Bar 301.29 301.43 13.84 10.55 23.17 [0.50] 0.22 -67.89
B+Bar 10.94
Total 11.37
Imp Free SPbOO 1.389
Sky 2.62E-4 2.62E-4 -0.264
PSF 299.47 301.58 15.31 9.97
Bulge 300.77 301.26 13.46 10.71 1.31 1.4 0.92 -48.62
Other 300.23 302.53 12.47 11.1 43.85 0.54 0.97 -22.12
Other 301.07 301.22 13.43 10.72 22.48 0.7 0.29 -67.64
Total 11.36
Imp PSFs SPbDB 1.409
Sky 2.83E-4 2.83E-4 -0.391
PSF 297.02 306.77 18.82 8.56
PSF 300.46 300.37 15.4 9.93
PSF 300.94 302.41 15.74 9.79
PSF 299.97 301.5 15.36 9.95
Bulge 301.23 301.34 13.8 10.57 1.36 1.88 0.75 -62.97
Disk 300.48 300.82 12.22 11.2 45.74 [1.00] 0.88 -58.99
Bar 301.74 301.43 13.89 10.53 23.14 [0.50] 0.22 -67.9
B+Bar 10.85
Total 11.36
Note. Same as table 3.1.1. The Imp PSFs model is produced with multiple PSFs to investigate
the behaviour of re;B as more PSF components are added to fit the AGN light.
Galaxy L70, 2327+1524
Comments on the fitting procedure
This was a tricky fit with parameters that converge to nonphysical values, unless
constrained, and Sérsic indices that are sensitive to sky count value. It is difficult
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to determine whether the galaxy is an elliptical or disk type.
Result
L70, 2327+1524 is determined to be an elliptical galaxy (implying a
classical-bulge). See figure 3.1.5 and table 3.1.5 for images and a model summary.
One of the major uncertainties for this galaxy is associated with whether there is
a disk. From table 3.1.5 it is clear that χ2ν decreases very slightly when a disk is
added. Furthermore, re;B is large for all models and re;B  re;D for the free model
including a disk. LD is also relatively small for all models including a disk. These
arguments motivate the model without a disk component and we therefore
conclude that the galaxy is elliptical. One other major uncertainty is that induced
by an offset sky background count level and possible sky mismatches. As seen in
table 3.1.5 very high nB are generated for most models. Therefore we must
suspect a sky mismatch and account for this uncertainty. The -Sky models all
produce unreasonable nB if left unconstrained which is shown for the -Sky -Stars
model. Themodels for which nB is not constrained apparently produce
overestimated bulge and total luminosities; this is also supported by the fact that
for these models the sky value is lower and re;B is very large (see the Free model
and the -Sky - Stars model). Thus, motivated by the physical nature of bulges, we
conclude that the Free model, Free+Disk model and the -Sky -Stars model likely
produce overestimated and unreliable bulge luminosities, and we discard these in
deciding on an uncertainty range. Motivated by table 3.1.5 we choose
11:51 < LB < 11:70 (log LL ) and 11:61 < LTot < 11:72 (log
L
L ) as our
luminosity ranges and uncertainty limits. This is still accounting for the sky
mismatch by using the +Disk nB Free model values as the upper limit, since this
model has nB = 10:03.
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Figure 3.1.5: L70, 2327+1524 Resulting Images and Plots
Note. Same as figure 3.1.1.
Galaxy L71, 0013-0951
Comments on the fitting procedure
The fit was complex and nB grew nonphysically large for the principal PSF when
left unconstrained. Whether the bulge is resolved and/or present is ambiguous.
Models using a secondary PSF were therefore produced. The secondary PSF
produces better results and is used for the -Sky, -Sky -Stars, -Stars models instead
of the principal PSF.
Result
L71, 0013-0951 is determined to be a disk galaxy with a classical-bulge and
possibly a bar. re;B is very small and it is difficult to judge whether it is resolved.
However, the high nB is an indication that the fit may still be reliable because, as
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Table 3.1.5: L70, 2327+1524 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPB 1.41
Sky -3.21E-4 -3.21E-4 0.383
PSF 301.23 301.42 13.20 10.66
Bulge 300.71 300.95 10.83 11.61 50.50 [6.00] 0.74 -5.76
Total 11.61
Free SPB 1.392
Sky -3.17E-4 -3.17E-4 0.079
PSF 301.36 301.5 13.69 10.47
Bulge 300.75 301.01 10.36 11.80 127.17 11.14 0.74 -5.73
Total 11.80
+Disk SPBD 1.395
Sky -2.62E-4 -2.62E-4 0.319
PSF 301.25 301.43 13.41 10.58
Bulge 300.76 300.99 11.07 11.51 32.04 [6.00] 0.73 -6.19
Disk 296.9 302.11 12.62 10.89 102.46 [1.00] 0.88 16.11
Total 11.61
+Disk nB Free SPBD 1.39
Sky -2.99E-4 -2.99E-4 0.213
PSF 301.36 301.5 13.72 10.45
Bulge 300.76 301.01 10.61 11.70 77.51 10.03 0.72 -5.55
Disk 296.73 302.34 13.81 10.42 74.76 [1.00] 0.64 -89.37
Total 11.72
Free + Disk SPBO 1.388
Sky -3.19E-4 -3.19E-4 0.231
PSF 301.39 302.05 14.42 10.17
Bulge 300.87 300.92 11.02 11.53 78.52 19.99 0.68 -7.45
Bulge 300.62 301.36 11.59 11.31 65.10 3.90 0.82 -1.87
Total 11.74
-Sky PB 1.43
PSF 301.22 301.42 13.12 10.69
Bulge 300.69 300.93 10.76 11.64 58.05 [6.00] 0.74 -5.78
Total 11.64
-Sky -Stars PB 4.107
PSF 301.37 301.62 13.99 10.35
Bulge 300.79 301.02 10.0 11.94 315.75 15.71 0.74 -5.59
Total 11.94
-Stars SPB 4.117
Sky -2.93E-4 -2.93E-4 0.543
PSF 301.24 301.42 13.21 10.66
Bulge 300.71 300.95 10.84 11.61 49.31 [6.00] 0.74 -5.69
Total 11.61
Note. Same as table 3.1.1.
seen in figure 3.1.6, the bulge has extended wings above the PSF. It is also
questionable whether there is a bar or not. See figure 3.1.6 and table 3.1.6 for
images and a model summary. Comparing the standard and the improved model
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and their radial plots reveal that the effect of an added bar is not significant and
that the corresponding PSFs generate similar results. Because of the the extended
wings, we assume that the model accurately reproduces the bulge. Motivated by
the table, we choose 10:33 < LB < 10:67 (log LL ) and
11:03 < LTot < 11:08 (log LL ) as our luminosity ranges and uncertainty limits.
Figure 3.1.6: L71, 0013-0951 Resulting Images and Plots
Note. Same as figure 3.1.3
Galaxy L74, 0109+0059
Comments on the fitting procedure
The improved models fail to resolve the bulge. An improved model with a
secondary PSF was produced to investigate a potential PSF mismatch.
Result
L74, 0109+0059 is determined to be a disk galaxy, possibly with a bar structure.
Themodel parameters suggest that there is a pseudo-bulge present, but because
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Table 3.1.6: L71, 0013-0951 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.343
Sky 0.00121 0.00121 0.356
PSF 300.86 300.66 14.52 10.40
Bulge 301.28 301.32 14.69 10.33 1.32 [6.00] 0.61 -9.29
Disk 301.75 301.19 13.16 10.94 48.39 [1.00] 0.49 -41.29
Total 11.04
Std PSF2 SPBD 1.544
Sky 0.00121 0.00121 0.377
PSF 300.57 300.43 14.57 10.38
Bulge 299.84 299.88 14.5 10.41 1.35 4.32 0.60 -8.30
Disk 301.24 300.94 13.22 10.92 44.96 [1.00] 0.45 -41.08
Total 11.03
Imp SPBDB 1.335
Sky 0.00124 0.00124 0.345
PSF 300.86 300.66 14.53 10.39
Bulge 301.29 301.3 14.66 10.34 1.37 [6.00] 0.61 -8.01
Disk 301.64 301.57 13.31 10.88 50.75 [1.00] 0.58 -33.18
Bar 301.76 300.63 15.14 10.15 42.52 [0.50] 0.22 -49.71
B+Bar 10.56
Total 11.05
Imp PSF2 SPBDB 1.523
Sky 0.00123 0.00123 0.365
PSF 300.56 300.42 14.55 10.39
Bulge 299.84 299.89 14.46 10.42 1.56 4.59 0.62 -8.07
Disk 302.11 302.26 13.46 10.82 51.14 [1.00] 0.46 -30.86
Bar 298.58 298.23 14.93 10.23 39.39 [0.50] 0.26 -55.72
B+Bar 10.64
Total 11.04
Imp PSF2 Free SPBOO 1.508
Sky 0.00124 0.00124 0.401
PSF 300.68 300.39 14.81 10.28
Bulge 299.93 300.03 13.84 10.67 2.70 10.53 0.61 -16.55
Other 298.24 299.7 14.07 10.58 50.46 0.10 0.55 -25.9
Other 302.79 301.68 14.54 10.39 37.01 0.39 0.29 -49.45
Total 11.04
Imp PSF2 -Sky PBDB 1.537
PSF 300.61 300.4 14.67 10.34
Bulge 299.87 299.97 14.32 10.48 1.52 4.75 0.60 -9.94
Disk 302.74 302.84 13.43 10.83 56.95 [1.00] 0.45 -29.29
Bar 298.29 298.05 14.76 10.3 38.8 [0.50] 0.28 -55.01
B+Bar 10.7
Total 11.07
Imp PSF2 -Sky -Stars PBDB 1.763
PSF 300.61 300.40 14.67 10.34
Bulge 299.87 299.97 14.31 10.48 1.52 4.76 0.60 -9.95
Disk 302.73 302.69 13.42 10.84 57.38 [1.00] 0.46 -29.51
Bar 298.27 298.06 14.75 10.31 38.79 [0.50] 0.28 -54.84
B+Bar 10.70
Total 11.08
Imp PSF2 -Stars SPBDB 1.731
Sky 0.00167 0.00167 0.49
PSF 300.58 300.41 14.59 10.37
Bulge 299.85 299.93 14.41 10.44 1.56 4.55 0.59 -8.47
Disk 302.16 302.00 13.45 10.83 51.99 [1.00] 0.46 -31.48
Bar 298.3 298.19 14.95 10.23 38.62 [0.50] 0.27 -55.7
B+Bar 10.65
Total 11.05
Note. Same as table 3.1.1.
re;B < 2 for the improved models, it is ambiguous whether the bulge is resolved
or present. See figure 3.1.7 and table 3.1.7 for images and a model summary.
When fitted with a bar re;B becomes so small that the bulge cannot be considered
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resolved. In order to investigate this models with a secondary PSF were produced
to identify a potential PSF mismatch. The parameters for the improved model
using the secondary PSF are, however, very similar to those obtained using the
primary PSF. It is therefore unclear whether the bulge belonging to the improved
model fit the bulge or a PSF-mismatch. The Sérsic index is also low for all
models, meaning that we cannot argue that the bulge is resolved due to extended
wings. We must conclude that we cannot reliably resolve the bulge. Thus, the
lower limit LB = 0 log LL must be chosen. Motivated by table 3.1.7 we choose
0 < LB < 10:63 (log LL ) and 11:11 < LTot < 11:20 (log
L
L ) as our luminosity
ranges and uncertainty limits.
Figure 3.1.7: L74, 0109+0059 Resulting Images and Plots
Note. Same as figure 3.1.3
Galaxy L76, 0150+0057
Comments on the fitting procedure
The fit went smoothly. No issues to report.
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Table 3.1.7: L74, 0109+0059 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPbDO 1.295
Sky -5.44E-5 -5.44E-5 0.253
PSF 301.35 301.27 15.19 10.51
Bulge 301.57 301.42 14.92 10.61 5.76 0.89 [0.50] -79.66
Disk 301.21 301.27 14.10 10.94 29.96 [1.00] 0.44 -79.91
Total 11.11
Std PSF2 SPbD 1.296
Sky -5.81E-5 -5.81E-5 0.251
PSF 300.68 302.36 15.42 10.41
Bulge 300.94 302.36 14.88 10.63 5.79 1.09 [0.50] -79.38
Disk 299.82 302.18 14.04 10.97 29.91 [1.00] 0.48 -79.94
Total 11.13
Imp SPbDB 1.274
Sky -5.03E-5 -5.03E-5 0.242
PSF 301.26 300.89 16.28 10.07
Bulge 301.4 301.52 15.04 10.57 1.25 1.82 0.63 87.63
Disk 301.19 301.46 14.12 10.93 30.23 [1.00] 0.52 -80.76
Bar 301.67 301.26 15.28 10.47 10.11 0.5 0.27 -78.43
B+Bar 10.82
Total 11.18
Imp PSF2 SPBDB 1.275
Sky -5.55E-5 -5.55E-5 0.246
PSF 300.49 301.82 17.12 9.73
Bulge 300.8 302.49 15.03 10.57 1.12 2.18 0.65 89.47
Disk 299.81 302.28 14.03 10.97 28.7 [1.00] 0.55 -80.54
Bar 301.08 302.27 15.38 10.43 9.97 [0.50] 0.28 -78.44
B+Bar 10.81
Total 11.20
Imp -Sky PbDBO 1.28
PSF 301.26 300.88 16.28 10.07
Bulge 301.40 301.53 15.03 10.57 1.26 1.93 0.63 87.68
Disk 301.2 301.49 14.08 10.95 31.56 [1.00] 0.52 -80.89
Bar 301.66 301.25 15.26 10.48 10.20 [0.5] 0.27 -78.38
B+Bar 10.83
Total 11.19
Imp -Sky -Stars PbDB 1.468
PSF 301.26 300.88 16.27 10.07
Bulge 301.40 301.53 15.04 10.57 1.26 1.87 0.63 87.69
Disk 301.2 301.49 14.08 10.95 31.56 [1.00] 0.52 -80.91
Bar 301.65 301.25 15.25 10.48 10.18 [0.50] 0.27 -78.4
B+Bar 10.83
Total 11.19
Imp -Stars SPbDB 1.457
Sky -2.11E-4 -2.11E-4 0.316
PSF 301.26 300.89 16.27 10.07
Bulge 301.4 301.52 15.04 10.57 1.26 1.82 0.63 87.64
Disk 301.20 301.45 14.13 10.93 29.87 [1.00] 0.52 -80.72
Bar 301.67 301.26 15.28 10.47 10.11 [0.50] 0.27 -78.43
B+Bar 10.82
Total 11.18
Imp Free SPBOO 1.269
Sky -6.35E-5 -6.35E-5 0.271
PSF 301.28 300.91 16.13 10.13
Bulge 301.41 301.55 14.87 10.63 1.73 2.42 0.55 -85.94
Other 301.73 301.91 14.38 10.83 30.95 0.38 0.52 -81.98
Other 301.53 301.16 15.21 10.50 11.29 0.28 0.3 -78.46
Total 11.15
Note. Same as table 3.1.1.
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Result
L76, 0150+0057 is determined to be a disk galaxy with a bar and a pseudo-bulge.
See figure 3.1.8 and table 3.1.8 for images and a model summary. As seen in figure
3.1.8 the Standard model residual indicates prominent structures; there is
obviously a bar present. All Improvedmodel variations agree to a large extent and
the models seem insensitive to sky count variations. Even the improved free
model parameters are close to those of the improved model. Overall an excellent
improved fit is obtained, despite the spiral structures seen in the residual. Since
we can be confident that a bar is present we discard the standard model in
estimating the uncertainty ranges. Motivated by the table, we take
10:51 < LB < 10:58 (log LL ) and 11:52 < LTot < 11:55 (log
L
L ) as our
luminosity ranges and uncertainty limits.
Figure 3.1.8: L76, 0150+0057 Resulting Images and Plots
Note. Same as figure 3.1.3
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Table 3.1.8: L76, 0150+0057 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPbD 1.306
Sky -2.93E-4 -2.93E-4 0.167
PSF 300.84 301.22 15.36 10.35
Bulge 300.91 300.98 13.50 11.10 8.74 1.52 0.57 4.53
Disk 300.51 303.61 12.85 11.36 40.77 [1.00] 0.77 -63.28
Total 11.55
Imp SPbDB 1.269
Sky -2.91E-4 -2.91E-4 0.186
PSF 300.85 301.17 15.32 10.37
Bulge 300.98 301.08 14.80 10.58 3.48 0.58 0.81 -53.71
Disk 300.52 303.58 12.77 11.39 34.48 [1.00] 0.81 -59.29
Bar 300.93 300.38 14.29 10.78 11.66 [0.50] 0.39 7.26
B+Bar 10.99
Total 11.54
Imp -Sky PbDB 1.276
PSF 300.85 301.17 15.32 10.37
Bulge 300.98 301.09 14.80 10.58 3.47 0.58 0.81 -53.22
Disk 300.49 303.58 12.74 11.40 35.68 [1.00] 0.81 -59.75
Bar 300.93 300.42 14.27 10.79 11.69 [0.50] 0.39 7.24
B+Bar 11.00
Total 11.55
Imp -Sky -Stars PbDB 2.179
PSF 300.85 301.17 15.32 10.37
Bulge 300.98 301.09 14.80 10.58 3.48 0.58 0.80 -53.86
Disk 300.09 303.70 12.72 11.41 35.62 [1.00] 0.81 -61.26
Bar 300.98 300.33 14.29 10.78 11.58 [0.50] 0.39 7.10
B+Bar 10.99
Total 11.55
Imp -Stars SPbDB 2.137
Sky 3.64E-4 3.64E-4 0.386
PSF 300.85 301.17 15.31 10.37
Bulge 300.98 301.08 14.82 10.57 3.50 0.56 0.80 -54.71
Disk 300.08 303.71 12.79 11.38 32.75 [1.00] 0.82 -60.84
Bar 301.00 300.20 14.33 10.76 11.54 [0.50] 0.38 7.08
B+Bar 10.98
Total 11.53
Imp Free SPbOO 1.267
Sky -2.87E-4 -2.87E-4 0.201
PSF 300.86 301.16 15.33 10.36
Bulge 301.00 301.20 14.97 10.51 3.61 0.56 0.71 -62.32
Other 300.62 303.77 12.86 11.35 35.31 0.83 0.78 -62.15
Other 300.87 300.63 14.03 10.88 11.14 0.73 0.42 7.22
Total 11.52
Note. Same as table 3.1.1.
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Galaxy L79, 0301+0115
Comments on the fitting procedure
It is difficult to decide if there is a bar. Both a standard and improved model were
therefore produced to investigate this. The improved model is left with
re;B < 2 pixels so we must suspect a PSF mismatch and that the bulge is
unresolved.
Result
L79, 0301+0115 is determined to be a disk galaxy, possibly with a bar structure.
Themodel parameters suggest that there is a pseudo-bulge present, but because
re;B < 2 for the improved models, whether or not the bulge is resolved or even
present is ambiguous. See figure 3.1.9 and table 3.1.9 for images and a model
summary. In figure 3.1.9 item (a) we first note that the improved model bulge
seems to account for a PSFmismatch. Both models otherwise look the same (the
thick dotted lines). We conclude that the standard and improved models using
the secondary PSF produce very different results. Not even the Standard model
successfully fits the bulge/bar with the bulge component, but instead forces the
bulge component to account for the PSF.This is likely explained by the much
lower signal to noise ratio for the secondary PSF. Also, the Improved model with
the second PSF is unreasonable since the PSF is many times fainter than the
bulge, indicating a significant PSF mismatch, again likely because of very low
signal to noise ratio for the secondary PSF image. Thus, we cannot use the
second PSF to make any conclusions. We must declare the bulge unresolved and
adopt LB = 0 log LL as our lower limit. Due to the low signal to noise ratio of the
secondary PSF and the apparent PSF mismatch we discard the models using this
PSF image. Motivated by table 3.1.9, we choose 0 < LB < 10:66 (log LL ) and
11:03 < LTot < 11:07 (log LL ) as our luminosity ranges and uncertainty limits.
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Figure 3.1.9: L79, 0301+0115 Resulting Images and Plots
Note. Same as figure 3.1.3
Galaxy L99, 2140+0025
Comments on the fitting procedure
It is somewhat ambiguous whether there is a disk present. nB grew large unless
constrained, rendering the model sensitive to the sky. Themodels without the
sky components were fitted with a disk to see the effect on the small re;B for the
models with a disk component.
Result
L99, 2140+0025 is determined to be an elliptical galaxy (implying a
classical-bulge). A standard model including a disk component was produced
which motivates the elliptical nature since for this model the bulge fit what
appears to be a PSFmismatch. Thus we conclude that the need for a disk
component is small. As seen in figure 3.1.10 the elliptical model does an excellent
job of fitting most of the galaxy, except the central regions where there is a small
PSF mismatch. This becomes more clear in the standard +disk model in which
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Table 3.1.9: L79, 0301+0115 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.309
Sky -4.27E-4 -4.27E-4 -0.421
PSF 300.32 300.78 13.88 10.84
Bulge 300.46 300.54 14.33 10.66 6.87 2.98 [0.50] 34.42
Disk 299.71 301.89 14.01 10.79 29.63 [1.00] 0.78 59.18
Total 11.03
Std PSF2 SPbD 2.166
Sky -4.42E-4 -4.42E-4 -0.275
PSF 299.24 300.62 17.56 9.37
Bulge 300.89 301.04 14.03 10.78 1.70 0.65 0.93 19.84
Disk 301.07 301.18 13.73 10.9 22.56 [1.00] 0.69 42.41
Total 11.14
Imp SPbDB 1.303
Sky -4.24E-4 -4.24E-4 -0.418
PSF 300.29 300.82 14.06 10.77
Bulge 300.43 300.51 14.77 10.48 1.82 1.47 0.82 22.8
Disk 299.44 302.0 13.85 10.85 28.03 [1.00] 0.78 53.34
Bar 301.09 300.04 15.58 10.16 12.18 [0.50] 0.33 35.48
B+Bar 10.65
Total 11.06
Imp PSF2 SPbDB 2.112
Sky -3.13E-4 -3.13E-4 -0.392
PSF 300.70 301.92 18.22 9.1
Bulge 300.82 301.01 14.06 10.77 1.66 0.26 0.98 -48.77
Disk 302.48 300.06 13.73 10.9 31.57 [1.00] 0.9 71.7
Bar 300.40 301.84 15.12 10.34 11.71 [0.50] 0.45 36.2
B+Bar 10.91
Total 11.20
Imp -Sky PbDB 1.321
PSF 300.28 300.83 14.07 10.76
Bulge 300.43 300.51 14.76 10.49 1.77 1.46 0.83 21.83
Disk 299.49 301.94 13.91 10.83 26.4 [1.00] 0.77 52.75
Bar 301.11 299.98 15.63 10.14 12.08 [0.50] 0.32 35.23
B+Bar 10.65
Total 11.05
Imp -Sky -Stars PbDB 1.059
PSF 300.28 300.82 14.06 10.77
Bulge 300.43 300.51 14.78 10.48 1.79 1.44 0.83 21.87
Disk 299.57 301.85 13.9 10.83 27.14 [1.00] 0.75 53.09
Bar 301.02 300.11 15.61 10.15 11.95 [0.50] 0.33 35.02
B+Bar 10.64
Total 11.05
Imp -Stars SPbDB 1.04
Sky -0.00132 -0.00132 -0.144
PSF 300.29 300.82 14.06 10.77
Bulge 300.43 300.51 14.77 10.48 1.79 1.47 0.83 22.26
Disk 299.59 301.94 13.88 10.84 27.79 [1.00] 0.76 53.28
Bar 301.01 300.09 15.59 10.15 11.98 [0.50] 0.34 35.13
B+Bar 10.65
Total 11.06
Imp Free SPbOO 1.298
Sky -4.25E-4 -4.25E-4 -0.396
PSF 300.08 300.88 14.17 10.72
Bulge 300.85 300.47 14.99 10.39 1.05 1.66 0.19 -28.14
Other 298.79 302.70 14.32 10.66 29.28 0.41 0.90 85.80
Other 300.48 300.66 14.31 10.67 10.65 1.79 0.49 37.81
Total 11.07
Note. Same as table 3.1.1.
re;B becomes very small. This galaxy suffers from high Sérsic indices for all
models, rendering the model parameters sensitive to a sky mismatch. This is
clearly seen for the -Sky -Stars models in which nB=19.99, which is the upper
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limit Galfit applies. This sky sensitivity makes the parameters for all models not
constrained by nB = 6 unreliable. Motivated by the table we adopt the
luminosity ranges and uncertainty limits 11:29 < LB < 11:50 (log LL ) and
11:31 < LTot < 11:50 (log LL ). Due to the sky mismatch the upper limit must be
regarded as conservative since it is likely an overestimation.
Figure 3.1.10: L99, 2140+0025 Resulting Images and Plots
Note. Same as figure 3.1.1
Galaxy L102, 2221-0906
Comments on the fitting procedure
This galaxy is is complex due to pronounced inner spiral structures. There is an
apparent PSF mismatch likely caused by the principal PSF image that looks
somewhat like a double star where one of the stars is much fainter than the other.
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Table 3.1.10: L99, 2140+0025 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPB 1.308
Sky 2.03E-4 2.03E-4 0.0659
PSF 301.42 301.50 13.89 10.94
Bulge 301.13 301.84 12.96 11.31 7.70 [6.00] 0.74 -83.28
Total 11.31
Std +Disk SPBD 1.297
Sky 2.05E-4 2.05E-4 0.109
PSF 300.76 300.88 14.96 10.51
Bulge 301.36 301.88 13.00 11.29 1.57 [6.00] 0.72 -79.64
Disk 300.37 300.80 14.32 10.76 23.03 [1.00] 0.72 83.71
Total 11.40
-Sky +Disk PBD 1.296
PSF 300.74 300.80 14.85 10.55
Bulge 301.40 301.94 12.64 11.44 2.94 16.67 0.74 -79.97
Disk 299.42 299.62 15.34 10.36 19.21 [1.00] 0.59 77.30
Total 11.47
-Sky -Stars +Disk PBD 1.979
PSF 300.74 300.8 14.79 10.58
Bulge 301.41 301.96 12.57 11.46 3.66 19.99 0.75 -80.72
Disk 299.27 299.48 15.49 10.3 17.11 [1.00] 0.55 81.12
Total 11.49
-Stars +Disk SPBD 1.972
Sky 1.25E-4 1.25E-4 0.215
PSF 300.74 300.82 14.93 10.52
Bulge 301.37 301.91 12.85 11.35 1.84 10.17 0.73 -79.37
Disk 300.04 300.31 14.77 10.58 21.46 [1.00] 0.67 78.97
Total 11.42
Free SPB 1.301
Sky 2.03E-4 2.03E-4 -0.0112
PSF 300.70 300.87 15.10 10.45
Bulge 301.31 301.82 12.47 11.50 5.07 16.34 0.73 -84.18
Total 11.50
Note. Same as table 3.1.1.
Themismatch, however, does not appear to affect the bulge parameters to a great
extent. To investigate the effect of using the principal PSF a model using the
secondary PSF image as well as a model using the principal PSF image for L103,
2222-0819 were produced. The secondary PSF looks better but has a much lower
signal-to-noise ratio and does not produce resulting images of good quality.
60
Result
L102, 2221-0906 is determined to be a disk galaxy. It is not clear whether the
bulge is pseudo or classical since the models are inconclusive. See figure 3.1.11
and table 3.1.11 for images and a model summary. First we note the apparent PSF
mismatch in figure 3.1.11. Themodels for this galaxy are very sensitive to a sky
mismatch as seen in the table for the -Sky and -Sky -Stars models whose nB are
unrealistically high. Because of this the models without a sky component are
discarded. Themodel using a PSF image from L103, 2222-0819, produced a
much higher nB and a relatively high LB but a comparable LPSF. It is interesting to
note that despite the complexity of the galaxy the free model reproduces the
parameters of the standard model closely. Estimating a luminosity uncertainty
range is difficult for this model since is is not clear what effect the PSF mismatch
has on the bulge luminosity. We take 10:49 < LB < 10:86 (log LL ) and
11:12 < LB < 11:16 (log LL ) as our luminosity ranges and uncertainty limits.
Galaxy L103, 2222-0819
Comments on the fitting procedure
The bulge appears to be unresolved and/or absent. Attempts to resolve this
included producing a model with a secondary PSF. None of these attempts
proved helpful.
Result
L103, 2222-0819 is determined to be a disk galaxy with a bar. Themodels are
inconclusive regarding the nature of the bulge (classical vs. pseudo) and the very
small re;B for the improved models indicates a PSF mismatch. See figure 3.1.12
and table 3.1.12 for images and a model summary. Themodels are insensitive to
sky count variations so the main uncertainty is that associated with the PSF
mismatch. From the very small rB for the improved models, it is clear that we
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Figure 3.1.11: L102, 2221-0906 Resulting Images and Plots
Note. Same as figure 3.1.1
cannot reliably resolve the bulge and we must adopt the lower limit
LB = 0 log LL . Motivated by the table we take 0 < LB < 11:13 (log
L
L ) and
11:47 < LTot < 11:54 (log LL ) as our luminosity ranges and uncertainty limits.
Galaxy L106, 2233+1312
Comments on the fitting procedure
The PSF image for this galaxy is elongated and unreliable. A PSF image from
another galaxy was therefore used.
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Table 3.1.11: L102, 2221-0906 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.321
Sky 4.15E-4 4.15E-4 0.942
PSF 301.29 303.39 16.80 9.85
Bulge 302.01 300.85 14.85 10.63 4.19 3.32 [0.50] -29.32
Disk 302.53 300.70 14.05 10.95 25.39 [1.00] 0.81 -84.65
Total 11.12
PSF2 SPbD 1.379
Sky 3.7E-4 3.7E-4 0.95
PSF 301.54 303.46 17.53 9.56
Bulge 302.01 301.09 15.19 10.49 4.85 1.89 0.56 -28.35
Disk 305.68 300.85 13.88 11.02 33.00 [1.00] 0.86 -88.33
Total 11.13
other PSF SPBD 1.316
Sky 4.57E-4 4.57E-4 0.898
PSF 301.43 303.05 16.91 9.8
Bulge 301.99 300.85 14.28 10.86 7.13 10.0 0.5 -26.79
Disk 302.95 300.39 14.27 10.86 25.09 1.0 0.71 89.26
Total 11.16
-Sky PBD 1.348
PSF 301.48 303.45 16.80 9.85
Bulge 302.04 300.76 12.11 11.72 1178.26 19.99 0.65 -30.84
Disk 302.69 300.63 15.12 10.52 25.89 [1.00] 0.55 80.12
Total 11.75
-Sky -Stars PBD 1.538
PSF 301.56 303.56 16.82 9.84
Bulge 302.01 300.72 11.93 11.80 1490.33 19.64 0.69 -33.68
Disk 302.77 300.68 15.29 10.45 25.11 [1.00] 0.56 79.61
Total 11.82
-Stars SPBD 1.51
Sky 2.5E-4 2.5E-4 0.996
PSF 301.28 303.38 16.79 9.85
Bulge 302.02 300.86 14.86 10.62 4.21 3.14 [0.50] -28.95
Disk 302.49 300.67 14.04 10.95 25.89 [1.00] 0.80 -82.99
Total 11.12
Free SPBO 1.321
Sky 4.12E-4 4.12E-4 0.932
PSF 301.27 303.38 16.80 9.85
Bulge 301.98 300.87 14.94 10.59 3.82 3.34 0.46 -28.53
Other 302.53 300.65 13.99 10.97 25.23 1.14 0.82 -82.6
Total 11.12
Note. Same as table 3.1.1. The ”other PSF” model is constructed using a PSF image from L103, 2222-0819, since
the PSF image for L102 was not satisfactory.
Result
L106, 2233+1312 is determined to be a disk galaxy, probably with a bar. It is not
clear whether the bulge is pseudo or classical since the models are inconclusive.
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Figure 3.1.12: L103, 2222-0819 Resulting Images and Plots
Note. Same as figure 3.1.3
See figure 3.1.13 and table 3.1.13 for images and a model summary. It is difficult
to judge the PSFmismatch from figure 3.1.13, but it appear that the improved
bulge component is well above the PSF in the wings. We therefore treat the bulge
as resolved despite re;B < 2 but note that the lower LB-limit may be overestimated
(i.e. the actual limit is lower than that stated). Themodel is relatively insensitive
to the sky count value, so the greatest source of error is likely that associated with
the PSF. Estimating a luminosity uncertainty range is challenging for this model
since it is unclear what effect the PSF mismatch has on the bulge luminosity.
Motivated by table 3.1.13 we take 10:95 < LB < 11:35 (log LL ) and
11:56 < LB < 11:76 (log LL ) as our luminosity ranges and uncertainty limits.
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Table 3.1.12: L103, 2222-0819 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.493
Sky -7.64E-4 -7.64E-4 0.107
PSF 300.68 301.55 13.94 10.9
Bulge 300.87 300.99 13.35 11.13 9.09 [6.00] [0.50] 69.12
Disk 301.52 303.07 13.16 11.21 34.04 [1.00] 0.87 -65.30
Total 11.47
Imp SPbDB 1.443
Sky -7.9E-4 -7.9E-4 0.135
PSF 300.45 301.60 14.50 10.67
Bulge 301.08 301.18 13.76 10.97 1.03 0.86 0.76 5.24
Disk 302.68 302.00 12.94 11.30 33.22 [1.00] 0.88 -84.09
Bar 299.22 301.73 14.68 10.6 12.48 [0.50] 0.38 69.44
B+Bar 11.12
Total 11.52
Imp PSF2 SPBDB 1.933
Sky -8.52E-4 -8.52E-4 0.152
PSF 300.41 301.51 14.61 10.63
Bulge 301.00 301.60 13.56 11.05 1.05 [0.50] 0.89 66.32
Disk 297.65 302.22 12.98 11.28 30.62 [1.00] 0.81 87.62
Bar 302.01 301.16 14.67 10.6 12.00 [0.50] 0.41 69.54
B+Bar 11.18
Total 11.53
Imp -Sky PbDB 1.445
PSF 300.45 301.61 14.83 10.54
Bulge 301.01 301.2 13.59 11.04 1.08 0.23 0.77 12.52
Disk 302.63 302.04 12.93 11.30 33.73 [1.00] 0.88 -84.01
Bar 299.30 301.69 14.67 10.6 12.39 [0.50] 0.38 69.4
B+Bar 11.17
Total 11.54
Imp -Sky -Stars PbDB 1.96
PSF 300.44 301.61 14.83 10.54
Bulge 301.01 301.21 13.59 11.04 1.08 0.22 0.76 12.21
Disk 302.64 302.03 12.93 11.30 34.01 [1.00] 0.89 -82.83
Bar 299.31 301.69 14.65 10.61 12.43 [0.50] 0.38 69.44
B+Bar 11.17
Total 11.54
Imp -Stars SPbDB 1.956
Sky -6.62E-4 -6.62E-4 0.205
PSF 300.45 301.61 14.83 10.54
Bulge 301.01 301.2 13.6 11.03 1.08 0.24 0.77 12.56
Disk 302.65 302.01 12.95 11.29 33.3 [1.00] 0.88 -83.23
Bar 299.27 301.71 14.67 10.6 12.42 [0.50] 0.38 69.37
B+Bar 11.17
Total 11.54
Imp Free SPbOO 1.442
Sky -7.91E-4 -7.91E-4 0.149
PSF 300.44 301.61 14.82 10.54
Bulge 301.02 301.20 13.60 11.03 1.08 0.23 0.76 11.34
Other 302.78 302.10 12.99 11.28 33.33 0.89 0.89 -81.33
Other 299.48 301.65 14.55 10.65 12.32 0.55 0.4 69.61
Total 11.53
Note. Same as table 3.1.1.
Galaxy L109, 2351+1552
Comments on the fitting procedure
This was a very smooth fit. An excellent residual was obtained without added
constraints.
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Figure 3.1.13: L106, 2233+1312 Resulting Images and Plots
Note. Same as figure 3.1.3
Result
L109, 2351+1552 is determined to be a disk galaxy with a pseudo-bulge. See
figure 3.1.14 and table 3.1.14 for images and a model summary. Themodel is
insensitive to the sky count value and there is no suspected PSFmismatch. The
free model parameters are reasonable. Overall the models are well behaved. We
take 10:81 < LB < 11:05 (log LL ) and 11:24 < LTot < 11:26 (log
L
L ) as our
luminosity ranges and uncertainty limits.
Galaxy L126, 0845+3409
Comments on the fitting procedure
This was a very smooth fit. An excellent residual was obtained without added
constraints for the improved model.
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Table 3.1.13: L106, 2233+1312 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPBD 1.297
Sky -5.17E-4 -5.17E-4 0.377
PSF 301.39 300.35 14.65 10.73
Bulge 300.70 301.31 13.10 11.35 15.01 [6.00] 0.62 -30.77
Disk 301.14 301.34 13.35 11.25 70.01 [1.00] [0.50] -58.62
Total 11.60
Imp SPbDB 1.274
Sky -5.23E-4 -5.23E-4 0.388
PSF 301.50 300.12 14.98 10.60
Bulge 300.80 301.22 14.11 10.95 1.84 1.90 0.68 -49.29
Disk 301.14 301.61 13.00 11.39 68.36 [1.00] 0.55 -58.32
Bar 300.71 301.29 14.30 10.87 16.84 [0.50] 0.49 -24.28
B+Bar 11.21
Total 11.61
Imp -Sky PbDB 1.298
PSF 301.48 300.11 14.98 10.60
Bulge 300.82 301.21 14.10 10.95 1.87 1.93 0.69 -48.74
Disk 301.14 301.75 12.73 11.5 88.08 [1.00] 0.54 -58.57
Bar 300.70 301.28 14.19 10.91 17.19 [0.50] [0.50] -25.48
B+Bar 11.23
Total 11.69
Imp -Sky -Stars PBDB 1.657
PSF 301.50 300.07 15.0 10.59
Bulge 300.82 301.22 14.06 10.97 1.87 2.12 0.68 -48.27
Disk 301.14 304.77 12.50 11.59 106.78 [1.00] 0.63 -72.3
Bar 300.55 300.85 14.06 10.97 18.33 [0.50] [0.50] -27.42
B+Bar 11.27
Total 11.76
Imp -Stars SPBDB 1.632
Sky -6.83E-4 -6.83E-4 0.434
PSF 301.49 300.02 15.01 10.59
Bulge 300.83 301.23 14.08 10.96 1.80 2.05 0.67 -49.68
Disk 301.14 302.37 12.96 11.41 71.51 [1.00] 0.58 -62.57
Bar 300.66 301.09 14.25 10.89 17.28 [0.50] 0.48 -25.21
B+Bar 11.23
Total 11.63
Imp Free SPbOO 1.262
Sky -5.14E-4 -5.14E-4 0.444
PSF 301.49 300.13 14.97 10.6
Bulge 300.80 301.21 14.06 10.97 2.00 1.92 0.68 -45.48
Other 301.14 302.61 13.34 11.25 68.16 0.22 0.50 -58.05
Other 300.71 301.31 14.05 10.97 17.52 0.39 0.54 -28.91
Total 11.56
Note. Same as table 3.1.1.
Result
L126, 0845+3409 is determined to be a disk galaxy with a pseudo-bulge. See
figure 3.1.15 and table 3.1.15 for images and a model summary. Themodel is only
67
Figure 3.1.14: L109, 2351+1552 Resulting Images and Plots
Note. Same as figure 3.1.1
slightly sensitive to the sky count value and there is no suspected PSFmismatch.
The free model parameters are reasonable. Overall the models are well behaved.
We take 10:22 < LB < 10:62 (log LL ) and 11:13 < LTot < 11:15 (log
L
L ) as our
luminosity ranges and uncertainty limits.
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Table 3.1.14: L109, 2351+1552 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPbD 1.399
Sky -0.00279 -0.00279 -0.602
PSF 300.37 301.05 14.93 10.65
Bulge 300.63 300.81 14.41 10.85 4.75 1.90 0.63 84.02
Disk 300.58 301.03 13.95 11.04 19.62 [1.00] 0.50 77.78
Total 11.26
-Sky PbD 1.446
PSF 300.37 301.05 14.93 10.65
Bulge 300.64 300.81 14.52 10.81 4.31 1.83 0.64 84.32
Disk 300.56 301.01 13.92 11.05 18.43 [1.00] 0.50 78.06
Total 11.25
-Sky -Stars PbD 2.557
PSF 300.37 301.05 14.93 10.65
Bulge 300.64 300.81 14.51 10.81 4.34 1.84 0.64 84.30
Disk 300.55 301.01 13.93 11.05 18.50 [1.00] 0.50 78.04
Total 11.25
-Stars SPbD 2.518
Sky -0.00282 -0.00282 -0.522
PSF 300.37 301.05 14.93 10.65
Bulge 300.63 300.81 14.41 10.85 4.74 1.91 0.63 84.02
Disk 300.57 301.03 13.96 11.03 19.54 [1.00] 0.50 77.8
Total 11.25
Free SPbO 1.398
Sky -0.00279 -0.00279 -0.595
PSF 300.38 301.02 14.83 10.69
Bulge 300.63 300.86 13.91 11.05 7.61 1.65 0.59 81.24
Other 300.49 301.26 14.59 10.78 26.49 0.46 0.45 76.49
Total 11.24
Note. Same as table 3.1.1.
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Figure 3.1.15: L126, 0845+3409 Resulting Images and Plots
Note. Same as figure 3.1.3
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Table 3.1.15: L126, 0845+3409 Model Summary
Model
(1)
Class.
(2)
χ2ν
(3)
Comp.
(3)
xc/
dnsky
dx
(pix./ Δpix:Δx )
(4)
yc/
dnsky
dy
(pix./ Δpix:Δy )
(5)
m/nsky
(mag./pix. val.)
(6)
Lum.
(log L=L)
(7)
re
(pix.)
(8)
n
(9)
q
(10)
PA
(deg.)
(11)
Std SPbD 1.286
Sky 3.97E-5 3.97E-5 -0.181
PSF 301.01 300.78 14.96 10.28
Bulge 300.8 300.81 14.10 10.62 9.53 1.79 0.51 -11.15
Disk 299.6 300.76 13.18 10.99 54.53 [1.00] 0.88 -84.46
Total 11.15
Imp SPBDB 1.281
Sky 3.65E-5 3.65E-5 -0.172
PSF 301.04 300.77 15.09 10.23
Bulge 300.76 300.81 14.48 10.47 5.51 2.18 0.69 -14.68
Disk 299.71 300.98 13.16 11.0 51.77 [1.00] 0.91 -79.58
Bar 300.92 300.48 15.51 10.06 15.97 [0.50] 0.27 -9.35
B+Bar 10.61
Total 11.15
Imp -Sky PbDB 1.284
PSF 301.04 300.77 15.05 10.24
Bulge 300.75 300.81 14.64 10.41 4.89 1.74 0.70 -14.42
Disk 299.82 300.94 13.20 10.98 47.98 [1.00] 0.91 -77.64
Bar 300.92 300.5 15.39 10.11 15.92 [0.50] 0.29 -9.51
B+Bar 10.58
Total 11.13
Imp -Sky -Stars PbDB 1.315
PSF 301.03 300.77 15.05 10.24
Bulge 300.76 300.81 14.64 10.41 4.88 1.74 0.70 -14.44
Disk 299.68 300.89 13.19 10.99 48.45 [1.00] 0.90 -80.68
Bar 300.94 300.54 15.39 10.11 15.93 [0.50] 0.29 -9.54
B+Bar 10.58
Total 11.13
Imp -Stars SPBDB 1.313
Sky 8.04E-5 8.04E-5 -0.155
PSF 301.04 300.77 15.09 10.23
Bulge 300.76 300.81 14.49 10.47 5.44 2.14 0.69 -14.72
Disk 299.56 300.91 13.15 11.00 51.90 [1.00] 0.90 -82.4
Bar 300.94 300.52 15.49 10.07 15.96 [0.50] 0.27 -9.39
B+Bar 10.61
Total 11.15
Imp Free SPbOO 1.281
Sky 3.59E-5 3.59E-5 -0.193
PSF 301.02 300.77 14.98 10.27
Bulge 300.74 300.84 15.10 10.22 3.89 1.02 0.76 -16.16
Other 299.91 300.91 13.08 11.03 51.28 1.21 0.91 -77.29
Other 300.93 300.59 15.00 10.26 14.52 0.65 0.34 -9.88
Total 11.15
Note. Same as table 3.1.1.
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4
Results, Discussion andConclusions
4.1 Results
4.1.1 Resulting morphology and parameters
Our derived host galaxy parameters are presented in table 4.1.1. Comparing the
derived model classifications (column (4) and (7) in table 4.1.1) with the old
model classifications (column (2) in table 4.1.1, obtained from Bennert et al.
(2015)), it is clear that the improved image depth in the Gemini NIRI images
provides new insights about the morphology of the galaxies. We find that:
• What was thought to be a bar is actually a ring structure (see L5,
0026+0009).
• Bars are likely present in many more galaxies than previously thought (see
L71, 0013-0951; L74, 0109+0059; L76, 0150+0057; L79, 0301+0115;
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L103, 2222-0819; L106, 2233+1312).
• Old pseudo-bulge classifications may need to be revised since our models
suggest that the bulge is of classical type (see L10, 0813+4608; L126,
0845+3409 (improved model)).
• Old classical-bulges may be pseudo-bulge candidates (see L74,
0109+0059; L76, 0150+0057; L79, 0301+0115; L103, 2222-0819; L106,
2233+1312; L109, 2351+1552).
• Our models agree with the old models for only four of the objects in
Bennert et al. (2015)(see L2, 0206-0017; L11, 0121-0102 (improved
model); L70, 2327+1524; L99, 2140+0025).
• Four objects do not have bulges or have bulges that are unresolved (see
L11, 0121-0102; L74, 0109+0059; L79, 0301+0115; L103, 2222-0819).
• Two objects have bulges that may be resolved but need images with higher
resolution and more depth to confirm this suspicion (see L71, 0013-0951;
L106, 2233+1312).
4.1.2 ResultingM-scaling relations
In figure 4.1.1, derived luminosities (summarized in table 4.1.1) vs. BHmasses
(BHmasses obtained from Bennert et al., 2015, with an uncertainty of 0.4 dex)
are co-plotted with Läsker et al. (2014b) data. In figure 4.1.1 we see that our
sample has a factor of approximately 10 over-luminous bulges and host galaxies
given the BHmass distribution, or equivalently, that the BHs for our sample are
under-massive, compared to the Läsker et al. (2014b) sample. Our pilot sample
is, however, too small to be conclusive at this point.
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Table 4.1.1: Summary of Final Results
General Standard Model Improved Model Estimated Ranges
Object
(1)
Old Class.
(2)
PSF M.M.
(3)
Class.
(4)
LB
log L=L
(5)
LTot
log L=L
(6)
Class.
(7)
LB
log L=L
(8)
LTot
log L=L
(9)
ΔLB
log L=L
(10)
ΔLTot
log L=L
(11)
L2, 0206-0017 BD(M) N BD(M) 11.52 11.67 - - - 11.30-11.58 11.61-11.70
L5, 0026+0009 BDB N BD 10.97 11.28 - - - 10.97-11.09 11.28-11.32
L10, 0813+4608 bDB N BD 10.78 11.03 BDB 10.76 11.04 10.72-10.78 11.03-11.04
L11, 0121-0102 bDB Y BD 11.04 11.33 bDB 10.71 11.38 0-11.04 11.30-11.39
L70, 2327+1524 B N B 11.61 11.61 - - - 11.51-11.70 11.61-11.72
L71, 0013-0951 BD P BD 10.33 11.04 BDB 10.34 11.05 10.33-10.67 11.03-11.08
L74, 0109+0059 BD Y bD 10.61 11.11 bDB 10.57 11.18 0-10.63 11.11-11.20
L76, 0150+0057 BD N bD 11.1 11.55 bDB 10.58 11.54 10.51-10.58 11.52-11.55
L79, 0301+0115 B Y BD 10.66 11.03 bDB 10.48 11.06 0-10.66 11.03-11.07
L99, 2140+0025 B N B 11.31 11.31 - - - 11.29-11.50 11.31-11.50
L102, 2221-0906 B N BD 10.63 11.13 - - - 10.49-10.86 11.12-11.16
L103, 2222-0819 BD Y BD 11.13 11.47 bDB 10.97 11.52 0-11.13 11.47-11.54
L106, 2233+1312 BD P BD 11.35 11.60 bDB 10.95 11.61 10.95-11.35 11.56-11.76
L109, 2351+1552 B N bD 10.85 11.26 - - - 10.81-11.05 11.24-11.26
L126, 0845+3409 bDB N bD 10.62 11.15 BDB 10.47 11.15 10.22-10.62 11.13-11.15
Note. Column (1): Object identifier (L-name, R.A Decl.). Column (2): galaxy classification obtained from (Ben-
nert et al., 2015), added for comparison. The letters represent the morphological structure, first B = classical-bulge,
b = pseudo-bulge, D = disk, second B = bar, (M) = merger. Column (3): note on PSF mismatch, Y, re;B < 2,
there is likely a PSF mismatch, a lower LB-limit could not be estimated; P, re;B < 2, but a lower LB-limit could be
estimated; N, re;B > 2, no significant PSF mismatch. Column (4): galaxy classification according to the standard
model. First B = classical-bulge, b = pseudo-bulge, D = disk, second B = bar, (M) = merger. Column (5): standard
bulge luminosity. Column (6): standard total luminosity (PSF neglected). Column (7): galaxy classification ac-
cording to the improved model. Column (8): improved bulge luminosity. Column (9): improved total luminosity
(PSF neglected). Column (10): estimated range of probable bulge luminosities. Column (11): estimated range of
probable total luminosities. Note that the improved model columns (columns (7), (8) and (9)) are filled only if the
galaxy has a bar and thus an improved model.
4.2 Discussion
Despite the deeper NIRI images (average seeing of 0:33 arcsecs (at worst
0:43 arcsecs) using a pixel scale of 0:12 arcsecs, i.e. a factor of 3-4 better than the
average SDSS images (ground-based seeing of typically 1:5 arcsecs and pixel scale
of 0:4 arcsecs)), the greatest uncertainty is that associated with not being able to
resolve the bulge, or, adequately identify a galaxy as bulge-less. Bulge-less galaxies
exist (see e.g. Simmons et al., 2013), and being able to accurately identify these is
crucial in order to correctly infer the BHmass-host-galaxy-relations. It is
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therefore necessary to develop a well-defined means, e.g. a criteria on the derived
host-galaxy parameters, to help determine whether a bulge is present.
Pseudo-bulges are, in general relatively, small (compared to classical-bulges)
inner disk-like structures (see e.g. Gadotti, 2009), typically found in galaxies with
developed bars. Due to these properties pseudo-bulges are by their nature harder
to resolve and distinguish from the bright PSF than classical-bulges. This makes it
harder to accurately estimate their parameters and thus their luminosities, and
subsequently to determine whether pseudo-bulges are on or off the scaling
relations, which is a key factor in our understanding of the BH scaling relations
(as discussed in section 1.1.3). In this study we considered any bulge with
effective radius re;B < 2 as unresolved, unless the bulge had extended wings that
made the model parameters reliable. This caused us to conclude that 4 of the 15
host-galaxies had unresolved bulges or suffered from significant PSF-mismatches
that made our measurements unreliable. For these objects we could only
determine an upper limit for the bulge luminosity. However, given our results, we
see that the upper bulge luminosities for the galaxies lie in the very same region as
those for the bulges that are clearly resolved. We could therefore argue that
despite reB < 2, the result may still be reliable. Assuming this is the case,
according to figure 4.1.1, one can conclude that pseudo-bulges are on the
relations as much as are classical-bulges.
Themost obvious path towards resolving small bulges and distinguishing
them from the bright AGN is to increase image spatial-resolution even further.
This could help determine whether our derived parameters, especially for
host-galaxies whose models suffer suspected PSFmismatches or unresolved
bulges, are accurate. This would in particular favor proper identification of
pseudo-bulges. Provided our images have a FWHMof approximately 0:3 arcsec,
the image quality is one of the best obtainable using earth-based telescopes. The
next step forward is therefore to use space based telescopes. A Cycle 25 SNAP
Proposal for the Hubble Space Telescope, aimed at imaging 84 galaxies (resulting
in approximately 30 target images based on a normal SNAP success rate) from
the parent sample (see Bennert et al., 2015) to obtain high-resolution data was
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therefore submitted (April 2017) and accepted (June 2017). TheHST started
obtaining data in October 2017 and Cycle 25 will continue until September 2018.
Granted time with the Hubble Space Telescope, we will be provided unique data
of unsurpassed quality. In a future project this data will be analyzed and used to
help constrain the BHmass-luminosity scaling relations and include more certain
measurements of pseudo-bulges allowed by the improved image resolution.
Another issue with our model accuracy is associated with improperly
representing the PSF. Despite our attempts to model the AGN as accurately as
possible with an image of a star, carefully selected to minimize systematic errors,
this PSF-image is likely one of our biggest sources of error. Ideally the PSF-image
should be one of infinite signal-to-noise ratio. In this case Galfit would not reject
or underestimate the PSF-component because of noise in the wings which if
amplified would cause the χ2ν to increase. In any future study an alternative
approach may be to replace the PSF-images with model images of the
PSF-images, i.e. the model image produced by letting Galfit fit a model
containing Sérsic components to the PSF-image of a star. This would remove
issues with signal-to-noise ratios, but might on the other hand introduce issues
associated with producing PSF-images that do not account for asymmetric
features present in the the true PSF.This method could however be standardized,
allowing for a systematic and well-defined approach that could potentially be
easier to analyze statistically.
Finally, we wish to point out that our host galaxies seem to be over-luminous.
The principal difference between our sample and that of Läsker et al. (2014a,b) is
that our galaxies are active, whereas theirs are quiescent. Thus, our data suggest
that active galaxies constitute a sub-sample of relatively more massive/luminous
galaxies compared to quiescent galaxies. This observation is supported by the
recent study Läsker et al. (2016) in which a similar observation is made when
studying megamasers. They exploit HST images of nine megamaser disk galaxies.
Megamaser disks allow for precise BHmass measurements, which combined
with decomposition of high-resolution HST images results in accurate BHmass -
host galaxy scaling relations. Their findings are shown in figure 4.2.1 which is
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excerpted from that paper. Our results are also in agreement with findings to be
presented in a future paper Bennert et al. 2017 in which the full parent sample of
host galaxies, based on the SDSS images, is found to be over-luminous.
4.3 Conclusions
The significant improvement in image quality of the Gemini NIRI images results
in very different host-galaxy parameters compared to Bennert et al. (2015) based
on SDSS.The fraction of host galaxies with bars has more than doubled (9/15
instead of 4/15 (Bennert et al. (2015))). This agrees with findings presented in
other studies in which it is shown that the fraction of bars depends greatly on
spatial resolution, signal-to-noise ratio and wavelength range studied (see e.g
Menéndez-Delmestre et al., 2007, and references therein). In our case, the
difference is likely caused by the greater spatial resolution of the NIRI images and
the much lower dust obscuration than that of the SDSS optical-band images.
More objects have pseudo-bulges than suggested in Bennert et al. (2015) (7/15
instead of 3/15) and 4 objects either do not have bulges, or have bulges that are
unresolved. The newmodels based on the Gemini NIRI images agree with the
previous ones based on SDSS for only 4/15 objects. These results show the
importance of image quality for accurate derivation of host-galaxy properties and
in turn the BHmass - luminosity scaling relations.
Comparing our results with the Läsker et al. (2014b) sample (see figure 4.1.1)
it is apparent that our sample has a factor of approximately 10 over-luminous
bulges and host galaxies given the BHmass distribution, or equivalently, that the
BHs for our sample are under-massive. Our data thus seems to suggest that active
galaxies constitute a sub-sample of galaxies that are relatively more
massive/luminous compared to quiescent galaxies. Our pilot sample is, however,
too small to be conclusive at this point.
Despite ambiguities whether measurements of pseudo-bulges are reliable due
to possible PSF-mismatches and potentially unresolved bulges, it appears that
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they are on the scaling relations as much as are classical bulges, if one assumes
that the luminosity measurements are accurate and that the bulge is resolved.
Due to our limited range of BHmasses (7:05  8:11 logM=M) and our
small sample of only 15 objects, we cannot constrain the scaling relations further.
However, our pilot sample has helped provide important insights that should be
considered when choosing a larger sample of objects, and shown that our
approach, if carefully undertaken, has great potential to improve our knowledge
and constrain the scaling relations further.
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Figure 4.1.1: Resulting relations
Note. The upper plots show the BH mass - bulge-luminosity relation. The lower plots
show the BHmass - total-host-galaxy-luminosity relation. Data fromLäsker et al. (2014b)
is included for comparison. For our sample, the middle of the estimated luminosity
ranges (column 10 and 11 in table 4.1.1) is used as the data value. Subtracting the middle
value from the minimum and maximum value for the estimated ranges gives the errors.
In case of a PSF-mismatch or unresolved bulge the max value is specified. On the left
panel, the Läsker et al. (2014b) sample is color-coded as in their paper (elliptical: red,
S0: green, spiral: blue). Our sample is in black and has filled circles to indicate a clear
bulge detection, and has open circles for the four objects for which we cannot resolve
the bulge. On the right panel, the Läsker et al. (2014b) sample is in black. Our sample
is color-coded with classical-bulges in red and pseudo-bulges in blue non-filled circles.
For all plots the BH mass is in solar-mass units and the luminosities in solar-luminosity
units. The luminosities for our sample are taken from table 4.1.1 and the BHmasses from
Bennert et al. (2015), having an assumed uncertainty of 0.4 dex.
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Figure 4.2.1: Results from Läsker et al. 2016
Note. This image was obtained from Läsker et al. (2016). It shows that megamasers (in
red) all lie below the relation and thus exist in over-luminous galaxies, in agreement with
what is found in our study of active galaxies.
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5
Appendix A: Galaxy andModel Images
Figures 5.0.1 through 5.0.5 show the same images and radial plots as shown in the
individual galaxy sections but with a larger field-of-view and in a more contracted
format.
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Figure 5.0.1: Images and plots for L2, 0206-0017; L5, 0026+0009 and L10,
0813+4608
Note. Same as 3.1.1 or 3.1.3, except the images have a larger field-of-view (39′′ × 39′′).
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Figure 5.0.2: Images and plots for L11, 0121-0102; L70, 2327+1524 and
L71, 0013-0951
Note. Same as figure 5.0.1.
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Figure 5.0.3: Images and plots for L74, 0109+0059; L76, 0150+0057 and
L79, 0301+0115
Note. Same as figure 5.0.1.
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Figure 5.0.4: Images and plots for L99, 2140+0025; L102, 2221-0906 and
L103, 2222-0819
Note. Same as figure 5.0.1.
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Figure 5.0.5: Images and plots for L106, 2233+1312; L109, 2351+1552 and
L126, 0845+3409
Note. Same as figure 5.0.1.
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